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(54) OPTICAL FIBER AND ITS MANUFACTURE 

(57) An optical fiber made up of a core for propagat- 
ing the light and a cladding covering the core for inter- 
rupting light propagated within the core. The optical 
fiber includes a tip formed by sharpening an end of the 
core in a tapering teshion, a light-shielding coating layer 
formed on the surface of the tip and an aperture formed 
by exposing the foremost part of the tip from the light- 
shielding coating layer to outside. With the present opti- 
cal fiber, the light-shielding coating layer operates as a 
light shieteiing portion for interrupting the light radiated 
on other than the aperture and light enters or exits only 
at the aperture. 

The light propagated in the core is propagated in 
the core as it is repeatedly reflected at a core-cladding 
boundary and is collected at the tip so as to be radiated 
to outside via the aperture. The light entering the tip via 
the aperture is conducted into the core via the tip. 

The present optical fiber Is used in for example, a 
photon scanning tunneling microscope for detecting the 
evanescent light locally present in an area smaller than 
the wavelength of light on the surface of a material, as a 
light probe which is positioned in proximity to the sur- 
face of the material for scattering and detecting the eva- 
nescent light. The light scattered at the foremost part of 
the tip is conducted via the tip into the core so as to be 
detected at the opposite end of the core. 
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Description 

TECHNICAL FIELD 

This invention relates to an optical fiber made up of 
a core for propagating the light and a cladding covering 
the core for shielding the light propagated within the 
core, and a method for producing the same. The optical 
fiber has a sharpened end for light entrance and exit. 

BACKGROUND ART 

A photon scanning microscope, detecting evanes- 
cent light localized in an area smaller than the wave- 
length o1 light on a surface of a material for measuring 
the shape of the material, is known as an ultra-high res- 
olution optical microscope having the resolution 
exceeding the diffraction limit of a conventional optical 
microscope. 

If the sample surface is irradiated from the back sur- 
face of a sample 1 under a condition of total reflection, 
the field of evanescent light is generated depending 
upon the shape of the sample surface. 

With the photon scanning microscope, the strength 
of the evanescent light Is detected by a light probe 3 
having a detection end 2 having an aperture of a size on 
the order of the wavelength of the evanescent light, as 
shown for example in Fig. 2, for producing the resolution 
exceeding the diffraction limit of the conventional optical 
microscope. 

The resolution of the photon scanning type micro- 
scope is determined by the effective aperture diameter 
of the light probe, on the other hand, since the strength 
of the evanescent light is decreased exponentially with 
the distance from the sample surface, the aperture 
diameter of the light probe can be equlvalently reduced 
simply by sharpening the end of the light probe. 

The light probe shaped as shown in Fig. 1 has a 
cladding diameter D (approximately 60 |uim) much larger 
than the length L of the detecting end 2 (approximately 
2 to 6 jjim). Thus there was a risk that an edge portion 4 
of the cladding be struck against the surface of a sam- 
ple 1 thus destructing the sample or the optical probe 5 
itself. 

The inventors hereof have proposed an optical fiber 
for overcoming these problems and filed JP Patent 
Application Nos. 5-291829, 6-53626 and 6-55697 and 
PCT/JP 94/00906. In these applications, a core pro- 
truded from a cladding on one end of an optical fiber is 
sharpened to form a tapered detection end, on the prox- 
imal end of which is formed a small -diameter portion 
tormed by reducing the diameter of the cladding, or both 
the detection end and the cladding are tapered at the 
distal ends, for preventing the edge portions of the clad- 
ding from impinging against the sample surface. 

Moreover, with the above-described photon scan- 
ning tunneling microscope, since the evanescent light is 
extremely small In strength, It is necessary to avoid the 
effect of the scattered light to raise the detection effi- 



ciency of the evanescent light. For example, it may be 
envisaged to form a light-shielding coating layer on the 
surface of the detection end of the light probe and to 
form an aperture on the order of the wavelength of the 

5 detection light on the distal end of the evanescent light 
to be detected at the distal end of the light probe. The 
evanescent light to be detected is caused to be incident 
only at the aperture for shielding the light irradiated on 
an area other than the aperture for diminishing the 

10 effect of the scattered light. 

To this end, with the optical fiber according to the 
above-mentioned JP patent applications, the optical 
fiber is rotated in vacuum about its own axis and the 
vapor of a light-shielding material is supplied from the 

15 lateral or rear side of the detection end for forming a 
coating layer of the light-shielding material on the sur- 
face of the detection end and for exposing the distal end 
of the detection end via the coating layer of the light- 
shielding material for forming an aperture. 

20 However, there are involved difficulties in uniformly 
forming the light-shielding coating layer and in forming a 
small-sized aperture on the order of the light wave- 
length or with good reproducibility. 

Meanwhile, there is known an optical fiber sensor 

25 on the distal end of which is deposited a functional 
material which Is changed In optical characteristics 
depending on the surrounding environment, such as flu- 
orescent substance or reagent. Such an optical fiber 
sensor is shown for example in Fig. 3 in which a light- 
so shielding coating layer 7 is formed on the surface of a tip 
formed by sharpening a core, the light-shielding coating 
layer 7 is formed on the surface of the tip 6 and a func- 
tional substance 8. such as the fluorescent sut)stance 
or the reagent, is affixed on an aperture formed by 

35 exposing the distal end of the tip 6 from the light-sNeld- 
Ing coating layer 7 (eds. W. Pohl and D. Courjon. Near 
Field Optics (Book) 1993. pages 17 to 24). 

In such optical fiber sensor 5, the functional sub- 
starice 8 at the distal end of the tip 6 is changed in opti- 

40 cal characteristics, such as light emission spectrum or 
in light absorption spectrum, depending on environmen- 
tal conditions, such as intensity of the ambient light or 
pH values. These changes in the optical characteristics 
are detected at tiie opposite end of the tip 6 for detect- 

45 Ing the surrounding environment of the tip 6. It is possi- 
ble with the optical fiber sensor 5 to reduce the size of 
the functional substance 8 deposited on the distal end 
of the tip 6 for improving the spatial resolution for detec- 
tion and expediting the response as compared to the 

50 conventional electrical sensor. 

With such optical fiber sensor, there are involved 
difficulties in depositing the functional substance on tiie. 
distal end of the optical fiber with a high exfoliation 
strength for improving durability. 

55 

DISCLOSURE OF THE INVENTION 

For solving the abo^e problems, it is an object of the 
present invention to provide an optical fiber in which 
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there is no risk of the edge portion of the cladding 
impinging on the sample surface and which has a high 
detection efficiency. 

it is another object of the presertt invention to pro- 
vide a method for producing an optical fiber in which 5 
there is no risk of the edge portion of the cladding 
impinging on the sample surface and which has a high 
detection efficiency. 

It is yet another object of the present invention to 
provide an optical fiber improved in spatial resolution of io 
detection and having high durability. 

The present invention, proposed for solving the 
above problems, resides In an optical fiber having a 
core for propagating the light and a cladding covering 
the core for shielding light propagated within the core, is 
The optical fiber includes a tip formed by conically 
sharpening an end of the core protruded from the clad- 
ding at one end of the optical fiber, a light-shielding 
coating layer formed on the surface of the tip. and an 
aperture formed by exposing the foremost part of the tip 20 
from the light-shielding coating layer to outside. 

With such optical fiber, the tip operates as a light 
collecting portion for collecting the light propagated in 
the core, while the light-shielding coating layer operates 
as a light shielding portion for interrupting the light at 2S 
other then the aperture so that light enters and exits at 
the aperture. 

The present invention also provides an optical fiber 
having a core for propagating the light and a cladding for 
shielding the core for interrupting light propagated 30 
within the core. A reduced-diameter portion of the clad- 
ding is formed at an end of the optical fiber. The core 
protruded from the foremost part of the reduced -diame- 
ter portion is tapered to form a tip on the surface of 
which a light-shielding coating layer is formed. The fore- 35 
most part of the tip has an aperture exposed at the light- 
shielding coating layer which is not larger than the 
wavelength of the detection light. 

With such optical fiber, the protrusion operates as a 
light collecting portion for collecting the light propagated 4o 
In the core, while the light-shielding coating layer oper- 
ates as a light shielding portion for interrupting the light 
at an area other than the aperture so that light propa- 
gated within the core can be collected and radiated effi- 
ciently via such aperture. 45 

With such optical fiber, the light shielding coating 
layer operates as a light shielding portion for interrupt- 
ing the light radiated to an area other than the aperture, 
while the tip operates as a coupling portion for conduct- 
ing the light incident via the aperture to the inside of the so 
core. The optical fiber is used as a light probe in a pho- 
ton scanning tunneling microscope detecting the eva- 
nescent light localized in an area smaller than the 
wavelength of the light on the surface of a sample of a 
material under inspection in proximity to the sample sur- 55 
face for scattering and detecting the evanescent light. 

When in the present optical fiber, the foremost part 
of the tip exposed from the light-shielding coating layer 
is in proximity to the sample surface, the evanescent 



light on the sample surface is scattered and guided to 
the core. The detection light radiated to an area other 
than the aperture of the optical fiber is interrupited by the 
light-shielding coating layer The optical fiber has a 
small cone angle and can detect ^the detection light only 
via such aperture so that it operates as a light probe 
having high detection efficiency. 

The present Invention also provides an optical fiber 
having a core for propagating the light and a cladding for 
shielding the core for tiie purpose of interrupting light 
propagated within the core. The optical fiber includes a 
tip formed by sharpening tiie core at an end of the opti- 
cal fiber, a light-shielding coating layer formed on the 
surface of the tip, and a pit formed by exposing the fore- 
most part of the tip from the light-shielding coating layer 
and by recessing the foremost part of the tip relative to 
the light-shielding coating layer. 

With the present optical fiber, the functional mate- 
rial In the pit has its optical properties changed in 
response to the surrounding environment. These 
changes in the optical properties can be detected at the 
opposite end of the optical fiber, thus assuring detection 
with improved spatial resolution in measurement. The 
functional substance is charged into the pit recessed 
from the foremost part of tiie light-shielding coating 
layer, so tiiat if the foremost part of the optical fiber 
impinges on the article being measured, tiie dye can be 
protected against direct collision against tiie article, 
thus assuring improved durability. 

For producing the above-described optical fiber 
according to the present invention, the foremost part of 
the core is sharpened for forming a tip. and a light- 
shielding coating layer is formed on tiie tip surface and 
etched for exposing the foremost part of the tip from the 
light-shielding coating layer for forming an aperture. 

With tiie method for producing the optical fiber, the 
aperture can be formed easily by exposing the foremost 
part of the tip completely from the light-shielding coating 
layer for easily forming an optical fiber having a high 
detection efficiency. 

The present Invention also provides a method for 
producing an optical fiber wherein the core is formed of 
quartz doped with germanium dioxide to a high concen- 
tration, the cladding formed of quartz covers the core 
and shields the light propagated within tiie core. The 
sharpening step is made up of a first etching step, a 
second etching step, a first coating step, a second coat- 
ing step and an aperture forming step. The first etching 
step is a step of etching one end of the optical fiber 
using an etching solution composed of an aqueous 
solution of ammonium fluoride, hydrogen fluoride and 
water for forming a reduced-diameter portion which Is a 
tapered portion of the quartz clacfcJIng, while the second 
etching step is a step of etching tiie reduced-diameter 
portion using an etching solution composed of an aque- 
ous solution of ammonium fluoride, hydrogen fluoride 
and water for forming a protrusion which is the tapered 
foremost part of the protrusion. The first coating step is 
a step of forming a light-shielding coating layer on the 
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surfece of the protrusion, the second coating step is a 
step of forming a light-shielding coating layer on the sur- 
face of other than the foremost part of the light-shielding 
coating layer, and the aperture forming step is a step of 
etching the light-shielding coating layer of the protrusion 
tor the purpose of exposing the distal end of the protru- 
sion from the light-shielding coating layer for forming an 
aperture. 

With such method for producing the optical fiber, 
the aperture can be formed easily by exposing the fore- 
most part of the tip completely from the light-shielding 
coating layer for easily forming an optical fiber having a 
high detection efficiency 

Other objects, effects and other specified structure 
of the present invention will become apparent from the 
following description of the prefen-ed embodiments of 
the invention. 



BRIEF DESCRIPTION OF THE DRAWINGS 

Rg.1 schematically illustrates the principle of a pho- 
ton scanning tunneling type microscope. 

Rg.2 illustrates the operation of detection of an eva- 
nescent wave by the photon scanning tunneling type 
microscope shown in Fig. 1 . 

Fig.3 illustrates the structure of an end of a conven- 
tional optical fiber. 

Rg.4 illustrates the structure of an optical fiber 
according to a first embodiment of the present inven- 
tion. 

Rg.S illustrates a specified structure of a distal por- 
tion of an optical fiber according to the first embodiment. 

Rg.6 illustrates a structure of an optical fiber 
according to a second embodiment of the present 
invention. 

Rg.7 illustrates a structure of a distal portion of an 
optical fiber according to the second embodiment. 

Rg.8 illustrates a structure of an optical fiber 
according to a third embodiment of the present inven- 
tion. 

Rg.9 Illustrates a structure of an optical fiber 
according to a fourth embodiment of the present inven- 
tion. 

Rg.10 illustrates a structure of an optical fiber 
according to a fifth embodiment of the present inven- 
tion. 

Rg.11 illustrates a structure of an optical fiber 
according to a sixth embodiment of the present inven- 
tion, 

Rg.12 illustrates a structure of an optical fiber 
according to a seventh embodiment of the present 
invention. 

Rg.1 3 illustrates a structure of an optical fiber 
according to an eighth embodiment of the present 
Invention. 

Rg.1 4 illustrates a structure of an optical fiber 
according to a ninth embodiment of the present inven- 
tion. 

Rg.1 5 illustrates a specified structure of a distal 



portion of the optical fiber according to the ninth embod- 
iment. 

Rg.1 6 illust-rates a structure of an optical fiber 
according to a tenth embodiment of the present inven- 
5 tion. 

Fig. 17 illustrates a structure of an optical fiber 
according to an eleventh embodiment of the present 
invention. 

Rg.18 illustrates a structure of an photon scanning 
10 microscope employing an optical fiber. 

Rg.1 9 shows the principle of the operation under 
an con-ection mode of a photon scanning tunneling 
microscope employing an optical fiber. 

Rg.20 shows the principle of the operation under 
75 an illumination mode of a photon scanning tunneling 
microscope employing an optical fiber. 

Rg.21 illustrates a structure of an optical fiber 
according to a thirteenth embodiment of the present 
invention. 

20 Rg.22 illustrates a structure of an optical fiber 
according to a fourteenth embodiment of the present 
invention. 

Rg.23 shows the distribution of the refractive index 
of the optical fiber according to the fourteenth embodi- 
es ment. 

Rg.24 shows a specified structure of an apex of the 
optical fiber of the fourteenth embodiment. 

Rg.25 illustrates light propagation in the optical 
f ber of the single mode. 
30 Rg.26 illustrates light propagation in the optical 
fiber of the fourteenth embodiment. 

Rg.27 illustrates a structure of an optical fiber 
according to a fifteenth embodiment of the present 
invention. 

35 Rg.28 illustrates a structure of an optical fiber 
according to a sixteenth embodiment of the present 
invention. 

Rg.29 shows a specified structure of an apex of the 
optical fiber of the sixteenth embodiment. 

Rg.30 illustrates a structure of an optical fiber 
according to a seventeenth embodiment of the present 
invention. 

Rg.3l illustrates a structure of an optical fiber 
according to an eighteenth embodiment of the present 
45 invention. 

Rg.32 illustrates a structure of an optical fiber 
according to a nineteenth embodiment of the present 
invention. 

Rg.33 illustrates a structure of an optical fiber 
50 according to a twentieth embodiment of the present 
inverttion. 

Rg.34 illustrates another specifi^j structure of a 
light-confining coating layer of the optical fiber accord- 
ing to the twentieth embodiment. 
55 Rg.35 illustrates the relation between the apex 
angle {cone angle) at the foremost part of the optical 
fiber and the transmission coefficient. 

Rg.36 illustrates a structure of an optical fiber 
according to a twenty-first embodiment of the present 
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invention. 

Fig. 37 Illustrates a structure of an optical fiber 
according to a twenty-second ennbodiment of the 
present invention. 

Fig. 38 illustrate.s an etching step of a method for s 
producing an optical fiber according to a twenty-third 
embodiment of the present invention. 

Fig. 39 illustrates a first etching step of the method 
for producing an optical fiber according to the twenty- 
third embodiment. io 

Fig.40 illustrates a fourth etching step of the 
method for producing an optical fiber according to the 
twenty-third embodiment. 

Fig. 41 illustrates the relation between the apex 
angle (cone angle) and the specific refractive index dif- is 
ference between a core and a clad in the fourth etching 
step. 

Fig. 42 illustrates changes in the apex angle in case 
the composition of the etching liquid in the above etch- 
ing step is changed. so 

Fig.43 illustrates changes in the apex angle in case 
the corrposition of the etching liquid in the above etch- 
ing step is changed. 

Fig. 44 shows a coating step in the method for pro- 
ducing the optical fiber of the twenty-third embodiment 25 

Fig. 45 shows a step of forming an apex in the 
method for producing the optical f toer of the twenty-third 
embodiment. 

Fig,46 shows the relation between the etching time 
in the second etching step in the twenty-third embodi- 30 
ment on one hand and the clad diameter and the radius 
of curvature at an apex. 

Fig. 47 shows a step of forming an apex in the 
method for producing the optical fiber of a twenty-fourth 
embodiment of the present invention. 3S 

Fig.4S shows an etching step of a method for pro- 
ducing an optical fiber according to a twenty-fifth 
embodiment of the present invention. 

F(g.49 shows the relation between the etching time 
in the etching step in the method for producing an opti- 40 
cal fiber of the twenty-fifth embodiment and the clad 
diameter 

Fig. 50 shows an etching step of a method for pro- 
ducing an optical fiber according to a twenty-sixth 
embodiment of the present invention. 4S 

Fig. 51 shows an apex angle of a sharpened core 
formed by the etching step. 

Fig. 52 shows an etching step of a method for pro- 
ducing an optical fiber according to a twenty-seventh 
embodiment of the present invention. so 

Fig. 53 shows an etching step of a method for pro- 
ducing an optical iher according to a twenty-eighth 
embodiment- 

Fig.54 shows a second etching step of the method 
for producing an optical fiber according to the twenty- ss 
eighth em.bcdiment. 

Fig.55 shows a first coating step of the method for 
producing an optical fiber according to the twenty-eighth 
embodiment. 



8 

Rg.56 shows the structure of an optical fiber after 
coating the tip in the first coating step in the method for 
producing the optical fiber in the twenty-eighth embodi- 
ment. 

Fig.57 shows the structure of an optical fiber after 
coating the tip in the second coating step in the method 
for produdhg the optical fiber in the twenty-eighth 
embodiment. 

ng.58 shows an etching step of a method for pro- 
ducing an optical fiber according to a twenty-ninth 
embodiment of the present invention. 

Rg.59 shows an etching step of a method for pro- 
ducing an optical fiber according to a thirtieth embodi- 
ment of the present invention. 

Rg.60 shows a step of forming a photosensitive 
layer in the method for producing the optical fiber in the 
thirtieth embodiment. 

Rg.61 shows a structure of an optical fiber after, 
forming a photosensitive layer in the photosensitive 
layer forming step in the method for producing the opti- 
cal fiber of the thirtieth embodiment. 

Rg.62 illustrates a deposited photosensitive mate- 
rial in case the clad diameter is changed in the photo- 
sensitive layer forming step of the optical fiber 
producing method of the thirtieth embodiment. 

Rg.63 illustrates a photosensitizing step in the 
method for producing the optical fiber of the thirtieth 
embodiment. 

Rg.64 illustrates a structure of an interatomic force 
microscope employed in the photosensitizing step of the 
thirtieth embodiment. 

Rg.65 shows the relation between the amplitude of 
optical fiber vibrations and the distance between the tip 
of the optical fiber and the surface of a prism in the inter- 
atomic force microscope. 

Rg.66 shows a structure of an optical fiber in which 
an exposed portion has been formed in an exposed por- 
tion forming step of the thirtieth embodiment. 

Rg.67 is an enlarged view showing an exposed 
portion formed in the exposed portion forming step. 

Rg.68 illustrates a pit forming step in the optical 
fiber producing method of a thirty-first emtx)diment of 
the present invention. 

Rg.69 shows the structure of an optical fiber in 
which a pit has been formed In the pit forming step of 
the optical fber producing method in the thirty-first 
embodiment. 

Rg.70 shows the structure of an optical fiber in 
which a dye has been affixed in the dye affixing step of 
the optical fiber producing method of the thirty-first 
embodiment. 

Rg.71 shows a method for producing an optical 
fiber according to a thirty-second embodiment of the 
present invention. 

Rg.72 shows a method for producing an optical 
fiber according to a thirty-third embodiment of the 
present invention. 

Rg.73 shows a method for producing an optical 
fiber according to a thirty-third embodiment of the 
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present invention. 

ng-74 is an enlarged perspective view showing the 
shape cf a tip cf an optica! fiber produced by the optical 
fiber producing method of the thirty-third embodiment. 

Fig. 75 is an enlarged perspective view showing the 
shape of another tip of an optical fiber produced by the 
optical fiber producing method of the thirty-third embod- 
iment. 

ng.76 shows the relation between the etching time 
in the etching step of the optical iher producing method 
of the thirty-third embodiment on one hand and the tip 
length and the apex angle on the other hand of the third 
embodiment. 

ng.77 shows the relation between the apex angle 
and the tip length of a sharpened core formed by the 
optical fiber producing method according to thirty-third 
and twenty-eighth embodiments. 

Fig. 78 illustrates a method for producing an optical 
fiber according to a thirty-sixtii embodiment of the 
present Invention. 

Rg.79 illustrates the refractive index distribution of 
three sorts of the optical fibers having different core 
diameters and refractive indices. 

Rg.80 shows the distribution of the tip of the sharp- 
ened core obtained in sharpening the optical fiber 

Rg.81 shows the distribution of the tip of the sharp- 
ened core obtained In sharpening the optical fiber. 

Rg.82 shows the distribution of the tip of the sharp- 
ened core obtained in sharpening the optical fiber. 

Hg.83 illustrates a method for producing an optical 
fiber according to a thirty-seventh embodiment of the 
present invention. 

ng.84 illustrates etching of an etching step in the 
optical fiber producing method according to the thirty- 
seventh embodiment 

Rg.85 illustrates etching In ttie method for produc- 
ing an optical fiber according to a fortietii embodiment 
of the present invention. 

Rg.86 shows the shape of an optical fiber formed 
when changing the composition of an etching solution 
used in tiie etching step of the fortieth embodiment. 

Rg.87 illustrates a method for producing an optical 
fiber according to a forty-first embodiment of tiie present 
invention. 

Rg.88 illustrates sharpening in the etching step in 
the optical fiber producing mettiod according to the 
forty-first embodiment. 

Rg.89 illustrates a method for producing an optical 
fiber according to a forty-second embodiment of the 
present invention. 

Rg.90 illustrates sharpening in the etching step in 
the optical fiber producing metiiod according to the 
forty-second embodiment. 

Rg.91 illustrates a method for producing an optical 
fiber according to a fbrty-fburtii embodiment of tiie 
present invention. 

Rg.92 illustrates etching of tfie second etching step 
in the optical fiber producing mettnod according to the 
forty-fourth embodiment 
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Rg.93 illustrates a metfiod for producing an optical 
fiber according to a forty-sixtfi embodiment of the 
present invention. 

Rg.94 illustrates tiie method for producing the opti- 
cal fiber according to tiie forty-sixth embodiment 

Mg.95 illustrates the method for producing the opti- 
cal fiber according to tiie forty-sixth embodiment. 

Rg.96 illustrates the method for producing tiie opti- 
cal fiber according to tiie forty-sixth embodiment 

Rg.97 is an enlarged view showing the foremost 
part of the sharpened core on which a coating layer has 
been formed in the optical fiber producing method 
according to a forty-seventh embodiment of the present 
invention. 

BEST MODE FOR CARRYING OUT THE INVENTION 



An optical fiber according to the present invention, 
having a center core and a dad sheatiiing the core, is 
so configured as an elongated linear member. The optical 
fiber has, on its end. a sharpened portion formed by 
sharpening tfie tip end of a core. A light-shielding coat- 
ing layer is formed on the surface of the sharpened por- 
tion and an aperture is formed at tiie tip end of the 
25 Sharpened core by being exposed from the light-shield- 
ing coating layer. With the optical fiber, the light-shield- 
ing coating layer operates as a light interrupting portion 
for interupting the light radiated on other than the aper- 
ture in order to permit tiie lighrt entrance and light exit 
30 only via the aperture. 

The light propagated in tiie core Is propagated 
witiiin tiie core by being repeatedly reflected at a bound- 
ary between the core and the cladding and Is con- 
densed at the sharpened core so as to be radiated at 
35 tiie aperture to outside. The light entering the sharp- 
ened end via the aperture is conducted into the inside of 
tiie core via the sharpened end so as to be propagated 
within the core. The propagated light is detected at the 
opposite end of tiie optical fiber. 
40 An optical fiber according to a first embodiment of 
ttie present invention has an optical fiber 1 1 having a 
diameter of dc of a core 12 and a diameter d^ of a clad- 
ding 13. witii a sharpened end 14 at an end of the opti- 
cal fiber 1 1 which is conically sharpened from the outer 
45 periphery of the cladding 1 3 to the center of the core 1 2. 
as shown in Fig. 4. This optical fiber 1 0 has a light- 
shielding coating layer 15 on the surface of the sharp- 
ened tip 14 and an aperture 16 exposed from the light- 
shielding coating layer 15 at tiie foremost part of tiie 
so sharpened tip 14. 

Specifically, the core has tiie diameter d^. of the 
core 12 equal to 3.4 jim and tiie diameter d^ of tiie clad- 
ding 13 equal to 125 jim. The core 12 are formed of 
quartz SiOg doped with germanium dioxide SIO2 while 
55 ttie cladding 13 is formed of quartz SiOg. The sharp- 
ened tip 14 has an tip angle equal to, for example. 20 
to 25^ The light-shielding coating layer 15 is formed of 
a substance having excellent light-shielding properties, 
such as gold, silver or aluminum, and Is of a thickness 
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on the order of 100 nm, as shown In Fig. 5 showing the 
tip end of the sharpened tip 14 to an enlarged scale. 
The aperture 16 has a diameter of 30 nm which is 
smaller than the wavelength of the detection light. The 
distal end of the sharpened tip 1 4 has a radius of curva- 5 
ture of not more than 5 nm, that is, the diameter of the 
distai and of trie sharpened core 14 is not more ihan 10 
nm. 

The optical fiber 10 having the above-described 
structure is used as a light probe for detecting the eva- 10 
nescent light in a photon scanning tunneling micro- 
scope designed for detecting the evanescent light for 
measuring the shape of an object. The photon scanning 
tunneling microscope scans the surface of the object 
with the sharpened tip 14 being Kept in proximity to the 75 
object surface. The evanescent light present in the 
vicinity of the object surface is scattered by the foremost 
part of the sharpened end 1 4 so as to be conducted via 
the tip 14 into the inside of the core 12. 

Since the intensity of the evanescent light is attenu- 20 
ated In proportion to the distance from the object sur- 
face, the intensity of the evanescent light scattered by 
the foremost part of the tip 14 is changed in proportion 
to the distance between the object surface and the fore- 
most part of the tip 14. Thus, by measuring the intensity 25 
distribution of the detection light of tiie evanescent light 
in the above-described scanning, the shape of the 
object surface can be measured. 

With the above-described optical fiber 10. since the 
coating layer 15 operates as a light interrupting portion, 30 
the light radiated to an area other than the aperture 16 
can be prevented from entering tiie core 12. Thus It 
becomes possible to take out the detection light having 
a wavelength close to the size of the aperture 16 selec- 
tively at the aperture 16 at the foremost part of the tip 3s 
14. Thus it becomes possible to suppress the effect of 
the scattered light, to raise the detection efficiency, and 
to permit the evanescent light of extremely low intensity 
to be detected reliably 

Since the optical fiber 10 has the tip 14 sharpened 40 
cohically from the outer periphery of the cladding 13 
towards the center of the core 12, there is no likelihood 
of the peripheral end portion of the cladding 13 to be 
collided against the sample surface to prevent damage 
to the sample surface or to the optical fiber 1 0. 45 

Similarly to the optical fiber 10 of the above- 
described first embodiment, an optical fiber of the sec- 
ond embodiment of the present invention has, on one 
end of the optical fiber 1 1 , a tip 24 sharpened conically 
from the outer periphery of the cladding 1 3 towards the so 
center of the core 12. This optical fiber 20 has a coating 
layer 25 on the surface of the tip 24 and a corrosion- 
resistant coating layer 26 on an area of the surface of 
the light-shielding coating layer 25 other than the fore- 
most part of the surface of the light-shielding layer 25. ss 
The foremost part of the sharpened tip 24 has an aper- 
ture 27 which is exposed from the light-shielding coating 
layer 25 and the corrosion-resistant coating layer 26. 

The foremost part of the sharpened tip 24 has a 



radius of curvature of not more than 5 nm as shown in 
Fig. 7 showing the foremost part of the sharpened tip 24 
to an enlarged scale. The light-shielding coating layer 
25 is formed of, for example, aluminum, and has a thick- 
ness on the order of 800 nm. The aperture 27 has a 
diameter of, for example, 40 nm. 

Similarly to the optical fiber 10 of tiie above- 
described first embodiment, the optical fiber 29 is used 
in a photon scanning tunneling microscope as an optical 
probe for detecting tiie evanescent light. Since the light- 
shielding coating layer 25 is formed of aluminum having 
high light shielding performance, and high electrical 
conductivity, measurement can be realized without 
being affected by noise due to extraneous .factors. 
Although aluminum is available at low cost and hence is 
suitable as a light-shielding coating layer 25, not only 
aluminum but also other materials having high light 
shielding properties and high electrical conductivity, 
such as gold, silver or platinum, may also be employed. 

An optical fiber according to a third embodiment of 
the present invention has a conical sharpened tip 33 at 
the foremost part thereof, as shown in Fig. 8. The opti- 
cal fiber of the third embodiment has a tapered portion 
34 of the cladding 13 at a proximal end of the optical 
fiber 1 1 and a reduced-diameter portion 35 with a diam- 
eter of di between the sharpened tip 33 and the tapered 
portion 34 (dc < di < dj. 

With the optical fiber 30, since the diameter of tiie 
reduced-diameter portion 35 of the cladding 13 of a 
length Lq is reduced as shown in Fig. 8, the optical fiber 
30 can be flexed radially under the smallest force acting 
thereon. 

Therefore, if the optical fiber 30 is used as a probe 
for measuring the atomic force in an atomic force micro- 
scope designed for detecting the force acting between 
atoms making up a substance and a probe, the micro- 
scope is set in proximity to the object surface in the state 
of resonance at the resonant frequency for measuring 
amplitude changes caused by the atomic force, so tiiat 
the atomic force can be detected with high detection 
sensitivity. 

TTie optical fiber 30 can also be used as a light 
probe for the photon scanning tunneling microscope. In 
this case, by supplying the detection light from one end 
of the optical fiber 30 to a detection unit of the photon 
scanning microscope, the above-mentioned atomic 
force and the evanescent light can be detected simulta- 
neously. 

Similarly to the optical fiber 30 of the above- 
described third embodiment, an optical fiber of a fourtii 
embodiment of the present invention has a conically 
sharpened tip 43 at the foremost part of the optical fiber 
1 1 . as shown in Fig. 9. The optical fiber of the fourtii 
embodiment has a tapered portion 43 of the cladding 13 
at a proximal end of the optical fiber 1 1 and a reduced- 
diameter portion 45 with a diameter of d^ between the 
sharpened tip 33 and the tapered portion 44 (dc < d^ < 
do). In addition, the optical fiber 40 has a light-shielding 
coating layer 46 on the surface of tiie sharpened tip 43 
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and an aperture 47. formed by the exposed foremost 
part of the core 1 2, at the distal end of the light-shielding 
coating layer 46. 

Similarly to the optical fiber 30 shown in Fig. 8. the 
ai3ove-described optical fiber 40 can be used as an opti- 5 
cal probe for measuring the atomic force in the atomic 
force microscope. That is. by supplying the detection 
light from one end of the optical fiber 40 to the detection 
unit of the above<iescribed photon scanning tunneling 
microscope, the optical fiber can be as an optical probe w 
for measuring the atomic force and the evanescent light 
simultaneously In this case, the detection sensitivity of 
the evanescent light can be improved since the light- 
shielding coating layer 47 functions as a light shielding 
portion confining the light incident in the core from an is 
area other than the aperture 47. 

Similariy to the optical fibers of the above^escribed 
first and second embodiments, an optical fiber of a fifth 
embodiment of the present invention has a sharpened 
tip 51 formed by sharpening the cladding 13 at one end 20 
of the optical fiber 1 1, as shown in Fig. 10. The core 12 
protruded from the foremost part of the sharpened tip 
51 is sharpened to form a protrusion 52. and a light- 
shielding coating layer 53 is formed on the surface of 
the sharpened end 52. An aperture 54 exposed from 2s 
the light-shielding coating layer 53 is formed at the fore- 
most part of the sharpened protrusion 52. 

With the first and second embodiments of the opti- 
cal fiber, the apex angle 61 of the core 12 is set so as to 
be approximately equal to the apex angle 62 of the clad- 30 
ding 13. as shown in Figs.4 and 6. However, with the 
present optical fiber 50. the apex angle (cone angle) 0, 
of the core 12 is smaller than the apex angle 60 of the 
cladding 13. 

The optical fiber 50 having the above configuration 35 
can also be used as an optical probe of the photon 
scanning tunneling microscope. Since the optical fiber 

50 has the light-shielding coating layer 53, only the 
detection light from the aperture 54 can be detected 
thereon to improve the detection efficiency 40 

Similarly to the optical fibers of the above-described 
first and second embodiments, an optical fiber of a sixth 
embodiment of the present invention has a sharpened 
tip 51 formed by sharpening the cladding 13 at one end 
of the optical fiber 1 1 . as shown in Fig. 1 1 . The core 1 2 4S 
protruded from the foremost part of the sharpened tip 

51 is sharpened to form a protrusion 52 and a light- 
shielding coating layer 53 is formed on the surface of 
the sharpened protrusion 52. An aperture 54 exposed 
from the light-shielding coating layer 53 is formed at the so 
foremost part of the sharpened end 52. 

With the optical fiber 50 of a fifth embodiment, the 
apex angle (cone angle) of the core 12 is smaller 
than the apex angle 63 of the cladding 1 3. However, with 
the present optical fiber 55. the apex angle 0i of the ss 
core 12 is selected to be larger than the apex angle 60 
of the cladding 13. 

Similariy to the optical fiber 50 of the fifth embodi- 
ment, the optical f ber 50 having the above configuration 



can also be used as an optical probe of the photon 
scanning tunneling microscope. Since the optical fiber 
55 has the light-shielding coating layer 53. only the 
detection light from the aperture 54 can be detected 
thereon to improve the detection efficiency 

Meanwhile, if the diameter of the core 12 becomes 
smaller than the light wavelength, the light propagated 
in the optical fiber cannot be confined within the core 1 2. 
Therefore, if an electrically conductive coating layer is 
formed on the surface of the optical fiber, the light leak- 
ing from the core 12 Is absorbed by the electrically con- 
ductive coating layer, thus lowering the propagation 
effidency. 

However, with the present optical fiber 55. in which 
the apex angle of the core 12 is larger than the apex 
angle 62 of the cladding 13. the distance from a position 
in which the diameter of the core 12 of the protrusion 52 
becomes smaller than the wavelength of the detection 
light as far as the end of the profusion becomes 
shorter. 

An optical fiber of a seventh entKJdiment of the 
present invention has. at an end of the optical fiber 1 1 
a reduced-diameter portion 64 obtained by reducing the 
diameter of the cladding 13. as shown for example in 
Fig. 12. The foremost part of the reduced<iiameter por- 
tion 64 has a protrusion 65 which is produced by sharp- 
ening the core 12. This optical fiber 60 has a light- 
shielding coating layer 66 of, for example, gold, on the 
surface of tiie protrusion 65, and also has an aperture 
68 which is formed by forming a corrosion-resistant 
coating layer 67 of, for example, synthetic resin, on the 
surface otiier than the foremost part of the light-shield- 
ing layer 66. and by subsequently etching the light- 
shielding layer 66. for exposing the foremost part of the 
proti-usion 65 from tiie light-shielding coating layer 66. 

The above-described optical fiber 60 is used in a 
photon scanning tunneling optical microscope as an 
optical probe for detecting tiie evanescent light, and is 
configured for conducting the scattered light to the core 
12 for detection. With the optical fiber 60, the light- 
shielding coating layer 66 operates as a light-shielding 
portion for interrupting ttie light, while the aperture 68 at 
tine foremost part of the proti-usion 65 operates as a 
detecting portion for scattering conducting the detection 
light to ttie protrusion 65, for selectively tafdng in the 
detection light from the aperture 68. The detection light, 
taken in at the protrusion 65, is led via proti-usion 65 to 
the core 12. 

Thus it becomes possible to raise tfie detection effi- 
ciency by eliminating the effect by the scattered light 
since scattered light is not incident from an area otiier 
than the aperture 68. thus enabling reliable detection of 
the evanescent light with an extremely low power. 

With the present optical fiber 60. in which the 
reduced-diameter portion 64 is formed at an end of the 
optical fiber 11. and the proti-usion 65 is formed at tiie 
foremost part of tiie reduced-diameter portion 64 the 
reduced-diameter portion 65 operates as an extension 
elongating the protrusion 65. Thus ttiere is no risk of tiie 
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peripheral portion of the cladding 13 being struck 
against the sample surface for damaging the sample 
surface or the foremost part of the optical fiber 60 at the 
time of scanning of the sample surface. 

Since the reduced-diameter portion 64 of the opti- s 
cal fiber 60 has a diameter d2 smaller than the length of 
the reduced-diameter portion 64, the optical fiber 60 
becomes flexed along the radius of the optical fiber 1 1 
under the smallest external force. 

Therefore, if the optical fiber 60 thus constructed is io 
used as a probe for measuring the atomic force acting 
between atoms making up substances, the atomic force 
can be detected with high detection sensitivity. In this 
case, by supplying an end of the optical fiber 60 to a 
detecting portion of the above-described photon scan- is 
ning tunneling microscope, the atomic force and the 
evanescent light can be measured simultaneously. 

Erbium Er^"^ or neodymium Nd^"^ can be added in 
the core 12. By using this composition, the light propa- 
gated in the core 12 can be amplified by ert^ium Er^ or 20 
neodymium N6^'*' while the core 12 Itself can have the 
light amplifying function. 

If the optical fiber the core 12 of which has the light 
amplifying function is used in the above-described pho- 
ton scanning tunneling microscope, the detection light 25 
incident at the aperture 68 can be amplified within the 
core 12. thus drastically improving light detection sensi- 
tivity for assuring high sensitivity light detection. 

The optical fiber 60 can be formed using a single 
mode fiber having a core 12 formed of quartz SiOa and 30 
a cladding 1 3 formed of quartz SiOg doped with fluorine 
F. 

An optical fiber according to the eighth embodiment 
of the present Invention has a tapered portion 71 formed 
by tapering the cladding at an end of the optical fiber 11 35 
made up of the core 12 and the cladding 13, as shown 
for example in Fig. 1 3. A flat portion 74 formed by flatten- 
ing the cladding is formed at the foremost part of the 
tapered portion 71 , white the conlcally sharpened core 

12 has a protrusion 75 extending from the flat portion 40 
74. The optical fiber 70 also has a light-shielding coating 
layer 76 and a corrosion-resistant coating layer 77. The 
foremost part of the protrusion 75 has an aperture 78 
exposed at the light-shielding layer 76 and a corrosion- 
resistant coating layer 77. 45 

With the above-described optical fiber 70, in which 
the tapered portion 71 formed by tapering the cladding 

13 is formed at the proximal end of the protrusion 75, 
the proximal end of the protrusion 75 can be inrproved in 
strength. If the optical fiber is used in the above- so 
described photon scanning tunneling microscope, it is 
less susceptible to destruction on collision against the 
sample surface, thus improving durability. 

Similarly to the optical fiber 60 of the seventh 
embodiment, an optical fiber according to a ninth ss 
embodiment of the present invention has a rsducsd- 
diameter portion 84 obtained by reducing the diameter 
of the cladding 13, as shown for example in ng.14. The 
foremost part of the reduced-diameter portion 84 has a 



protrusion 85 which is formed by sharpening the core 
12. The optical fiber 80 has a light-shielding coating 
layer 86 of. for example, gold, while the foremost part of 
the protrusion 85 has an aperture 87 which is exposed 
at the light-shielding coating layer 86. 

Tne aperture 87 is formed by first forming a photo- 
sensitive layer on the surface of the light-shielding coat- 
ing layer 86, selectively exposing only the foremost part 
of the photosensitive layer with the evanescent light, 
removing the photosensitive layer thus exposed to light 
and by etching the portion of the light-shielding coating 
layer 86 exposed from the exposed portion. Thus the 
aperture 87 has an extremely small diameter of the 
order of 50 nm. as shown for example in Fig. 15. 

Similarly to tiie optical fiber 60 of the seventh 
embodiment, such optical fiber 80 is used in the photon 
scanning tunneling microscope as a light probe for 
detecting the evanescent light, while the aperture 87 at 
the foremost part of the protrusion 85 operates as a 
detector for scattering and conducting the detection 
light to the protrusion 85. Thus the detection light can be 
selectively taken in at the aperture 87 for eliminating the 
effect of the scattered light for improving the detection 
efficiency for detecting the evanescent light with an 
extremely small power. 

Similarly to the optical fibers 60, 70 of the seventh 
and ninth embodiments, an optical fiber of a tenth 
embodiment of the present invention has a reduced- 
diameter portion 94 obtained by reducing the diameter 
of the cladding 1 3. a protrusion 95 obtained by sharpen- 
ing tiie core 12 and a light-shielding coating layer 96 on 
the surface of the protrusion 95. 

The optical fiber 90 also has an aperture 91 which 
is formed by removing the foremost part of the light- 
shielding coating layer 96 and a pit 93 which is formed 
by recessing the foremost part of tiie protrusion 95 in 
response to the foremost part of the light-shielding layer 
96 of the aperture 91 . The pit 93 has a diameter 93 of 50 
nm. Inside this pit 93 is accommodated a substance 92. 
such as a dye or a reagent, the optical properties of 
which are changed with the surrounding environment. 

With the above-described optical fiber 90, the dye 
or the phosphorescent material is deposited as the sub- 
stance 92 in the pit 93. If tiie light such as a laser beam 
is incident on the opposite end of the core 12, the light 
propagated in the core 12 is collected by the protrusion 
95 for emitting the light in the dye or the phosphorescent 
material in the pit 93. The substance thus acts as a 
small sized light source by the light emission radiated on 
an article being measured. 

If the substance 92 deposited on the pit 93 is 
changed in optical properties depending on the sur- 
rounding environment, such as dye or reagent, the opti- 
cal properties of the substance 92 are changed 
depending on the environment surrounding such as pH 
or light emission. If changes in the optical properties of 
the substance 92 are detected on the opposite side of 
the pit 93 by detecting tiie light propagating in the core 
12. the optical fiber operates as an optical fiber sensor 
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for detecting the surrounding environment of the pit 93. 

Specifically, the optical fiber operates as a pH sen- 
sor for detecting pH of a dye such as flucresceinamine 
whose light emission spectrum is changed with pH of 
the article being measured. Since the diameter of the s 
aperture 91 of the optical fiber 90 is on the order of 50 
nm, It can be used as a pH sensor with improved spatial 
resolution. 

With the optical fiber 90. since the substance 92 
used for detecting tiie surrounding environment is io 
formed within the pit 93. the substance 92 is protected 
by the foremost part of the light-shielding coating layer 
96 and hence is insusceptible to peeling even if the fore- 
most part of the optical fiber impinges on the article 
being measured. The result is that such optical fiber is 15 
improved in peeling strength of a detecting part, such as 
dye, for improving durability. 

An optical fiber of an eleventh embodiment of the 
present invention has a tip 104 formed by sharpening 
both the core 12 and the cladding 13, as shown for 20 
example in Fig.l 7. The core 12 protruded from the distal 
end of the tip 104 has a conically sharpened protrusion 
105 the proximal end of which has a diameter on the 
order of 100 nm. The core 12 is formed of quartz SiOg 
doped with gemnanlum dioxide GeOg to a high concen- 25 
tration. while the cladding 13 is formed of quartz SiOa- 
If tile diameter of tine core 12 Is decreased gradu- 
ally, the light propagated within the optical fiber 1 1 hav- 
ing the sharpened end of the core 12 is reduced in 
diameter of the light-propagating portion thus increas- 30 
ing the power density. Thus, by gradually decreasing the 
diameter of the core 12. it becomes possible to con- 
dense the light propagated through the core 12. 

However. If the diameter of the core 12 becomes 
smaller than the wavelength of light, tiie boundary 35 
between tiie core 12 and the cladding Is exceeded and 
light propagation occurs in the cladding mode, thus 
decreasing the intensity of the propagated light. It Is 
therefore desirable to reduce the distance from the posi- 
tion of the diameter of the core 12 becoming less than 40 
the light wavelength as far as the foremost part of the 
core 12 for diminishing light attenuation. 

With the optical fiber 100 shown in Rg. 17. since 
the diameter of the proximal end of the protrusion 1 05 is 
on the order of 100 nm which is on the order of the 45 
detection light wavelength, the light propagated In the 
core 12 is not propagated in the dadding 13 thus reduc- 
ing light attenuation. 

A twelfth embodiment of the optical fiber of the 
present invention has a tip 114 which is formed by so 
sharpening both the core 12 and the cladding 13, as 
shown for example in Fig. 18. The conically sharpened 
core 12 is protruded at a protrusion 1 15 at the foremost 
part of the cladding 13 of the tip 1 14. and a light-shield- 
ing layer 1 1 6 is formed on the surface of the protrusion 55 
115. while an aperture 117 is formed by exposing the 
foremost part of the protrusion 1 15 at the foremost part 
of the coating layer 116. The diameter of the aperture 
1 17 is on the order of 30 nm which is smaller than the 



detection light wavelength. 

The above-described optical fiber 1 10 may be used 
for detecting the evanescent light in the photon tun- 
neling microscope as an optical fiber. 

Specifically, the laser light is incident from the back 
surface of a sample 121 on a prism 120 with a total 
reflection angle of the prism 120. At this time, the laser 
light is reflected on the surface of the prism 120. while 
the evanescent light propagated in an area not larger 
than the wavelength of light on a sample surface is gen- 
erated on the prism surface. This evanescent light is 
propagated via the sample 121 so that the field of the 
evanescent light is generated in the area not larger than 
the wavelength of light on the surface of the samole 
121. 

If the aperture 1 1 7 of the foremost part of the opti- 
cal fiber 1 10 is placed in proximity to a position spaced 
at a distance not larger than the light wavelength from 
the surface of the sample 121. the evanescent light is 
scattered by the foremost part of the optical fiber 1 10 so 
as to be incident on the core 12. The light entering the 
core 12 is propagated within the core 12 so as to enter 
a light detecting portion 122 provided at the opposite 
end of the aperture 1 1 7. 

Because of the provision of the light-shielding coat- 
ing layer 1 1 6. the evanescent light is not incident on the 
optical fiber 1 1 except at the aperture 1 17. thus improv- 
ing detection sensitivity and spatial resolution. 

Such detection technique of the evanescent light is 
termed the operation of the collection mode of the pho- 
ton scanning tunneling microscope. Conversely, with 
the operation of the illumination mode of the photon 
scanning tunneling microscope, the laser light is inci- 
dent on the core 12 at tiie opposite end of the aperture 
117, as shown in Fig.20. The light in the core 12 is col- 
lected at the tip 1 14 as in the case of the optical fiber 
1 00 shown in Fig. 1 7. The light collected at the tip 1 1 4 is 
radiated via the aperture 1 1 7 as the evanescent light on 
the surface of the sample 121 because the diameter of 
the aperture 117 is not larger than the light wavelength. 
The sample 121 Is irradiated with the evanescent light 
and the transmitted light is collected by a lens 123 so as 
to be detected by a light detecting portion 124. 

Similarly to tiie optical fiber 100 shown in Fig. 17, 
the optical fiber 110 collects the propagated light in the 
core 12 at the tip 1 14, so that the light radiated from the 
aperture 117 on the surface of the sample 121 can be 
increased in sti-ength. 

Moreover, since the light is radiated outwardly of 
the core 12 from other than tiie aperture 117 shielded 
by the light-shielding coating layer 116. the detection 
light can be radiated on the surface of the sample 121 
only via the aperture 117. Therefore, by using the opti- 
cal fiber 1 1 0 as the optical probe, it becomes possible to 
improve detection sensitivity and ^atial resolution for 
measurement. 

An optical fiber according to a thirteentii embodi- 
ment of the present invention includes a reduced-diam- 
eter portion 126 obtained by reducing the diameter of 
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the cladding 13, a protrusion 125 obtained by sharpen- 
ing the core 12 exposed from the foremost part of the 
reduced-diameter portion 123. a light-shielding coating 
layer 126 on the surface of the protrusion 124 and an 
aperture 127 exposed from the coating layer 126, as 5 
shown for example in Fig. 21. 

The apex angle 6 of the core 12 of the protrusion 
1 25 becomes smaller as the foremost part of the protru- 
sion 125 is approached. The length L of the protrusion 
1 25 and the apex angle e of the foremost part of the pro- 10 
trusion 125 are 2.1 ^im and 28'', respectively, as shown 
for example in Fig.74. Alternatively, the length L and the 
angle 6 are 1 .52 jim and 36.5'^. respectively, as shown 
for example in Fig. 75. 

With the above-described optical fiber 120, since is 
the protrusion 125 is of a reduced length, light absorp- 
tion by the light-shielding coating layer 126 at the time 
when the light entering the aperture 127 is reflected on 
the boundary between the protrusion 125 and the light- 
shielding coating layer 126 is diminished for lowering 20 
light loss. Therefore, if such optical fiber 120 is used as 
a light probe for the photon scanning tunneling micro- 
scope, it becomes possible to improve the detection effi- 
ciency. 

An optical fiber according to a fourteenth embodi- 2S 
ment of the present invention includes a protrusion 134 
obtained by conically sharpening a core 132 extended 
from one end of a cladding 1 33. a light-shielding coating 
layer 135 formed on the surface of the protrusion 134 
and an aperture 136 obtained on exposing the foremost 30 
part of the protrusion 134 from the light-shielding coat- 
ing layer 135, as shown for example in Fig.22. 

This optical fiber 130 is made up of multi mode fib- 
ers, as shown for example in Fig.23, with the specific 
refractive index difference An being 1% and with the 35 
refractive index distribution being of the graded index 
type in which the refractive index is changed gradually. 
The apex angle (cone angle) of the protrusion 134 is on 
the orde* of 50*". with the radius of curvature at the fore- 
most part being on the order of 5 nm, as shown for 4o 
example in Fig.24. 

In the optical fiber 60 shown for example in Fig. 12, 
the detection light incident on the protrusion 65 via 
aperture 68 is propagated in the core 12 with a sole 
propagation mode. At this time, the light incident on the 4S 
protrusion is not necessarily coupled to the sole propa- 
gation mode, but loss is incurred. 

Conversely, the optical fiber 130 shown in Fig.22 
uses a multl mode fiber and is capable of propagating 
the light of plural propagation modes, so that any light so 
incident on the protrusion 134 at the aperture 136 at an 
angle within the critical angle of reflection at the bound- 
ary between the core 132 and the cladding 133 can be 
propagated. This leads to improved coupling efficiency 
and an improved detection light pickup efficiency. ss 

A reduced-diameter portion may be provided by 
reducing the diameter of the cladding 133 at the proxi- 
mal end of the protrusion 135, as in the eleventh 
embodiment shown in Fig. 12. If the optical fiber is used 



in the above-described photon scanning tunneling 
microscope, it becomes possible to prevent the cladding 
133 from impinging on the sample sur^ce. 

An optical fiber according to a fifteenth embodiment 
of the present invention has a core diameter increasing 
portion 144 obtained on gradually allowing a dopant in 
the core 12 to be dispersed into the cladding 13 for 
equivalently gradually increasing the diameter of the 
core 12, as shown for example in Fig. 27. The present 
optical fiber 140 has, at the foremost part of the core 
diameter increasing portion 144, a protrusion 145 
obtained on conically sharpening the core 12 extended 
from the cladding 13, a light-shielding coating layer 146 
formed on the surface of the protrusion 145 and an 
aperture 147 formed by exposing the foremost part of 
the protrusion 145 from the coating layer 146. With the 
above-described structure of the optical fiber 140, the 
core diameter increasing portion 144 and the protrusion 
145 are of the refractive index distribution similar to 
those of the multi mode fiber. The result is that the criti- 
cal angle can be increased as in the case of the optical 
fiber 130 shown in Fig.22, thus improving the detection 
light pickup efficiency. 

Similarly to the optical fiber 80 according to the 
ninth embodiment, shown in Fig. 14, the optical fiber 
according to a sixteenth embodiment of the present 
invention has a reduced -diameter portion 155, a protru- 
sion 1 55 and a hydrophobic coating layer 1 56 formed of. 
for example, synthetic resin, as shown for example in 
Fig .28. The present optical fiber 150 also has a coating 
layer 157 of, for example, quartz, doped with a pigment, 
on the surface of an aperture formed by exposing the 
foremost part of the protrusion 155 from the hydropho- 
bic coating layer 1 55. The coating layer 1 57 is formed to 
a thickness of the order of 40 nm on the surface of the 
protrusion 155. as shown for example in Fig.29. 

With the above-described structure of the optical 
fiber 150. the dye in the coating layer 157 emits light in 
response to the light incident on the coating layer 157, 
this light being incident via protrusion 155 on the core 
12. Thus the optical fiber 150 operates as a detector for 
light detection. With the optical fiber 150. since quartz or 
the like doped with the pigment is deposited on the sur- 
face of the foremost part of the protrusion 155, the dye 
peeling strength becomes higher than in case the pig- 
ment is simply deposited on the surface of the foremost 
part of the protrusion 155. The result is the optical fiber 
150 with improved durability. 

By doping quartz of the coating layer 157 with a 
substance the optical properties of which are changed 
with the surrounding environment, such as pH, in place 
of the above-mentioned pigment, the optical fber 150 
operates as an optical fiber sensor for detecting the sur- 
rounding environment of the coating layer 157. 

Similarly to the optical fiber 150 of the sixteenth 
embodiment shown in Fig. 28, the optical fiber of a sev- 
enteenth embodiment of the present invention has a 
reduced-diameter portion 164 and a protrusion 165, as 
shown for example in Fig.30. The present optical fiber 
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160 has a light-shielding coating layer 166 on the sur- 
face of a protrusion 1 65. a hydrophobic coating layer 
167 of, for example, synthetic resin, on the surface of 
the light-shielding coating layer 166. and a coating layer 
158 of. for example, quartz, doped with dye, on the sur- 
lace of an aperture obtained by exposing the fcremcsi 
part of the protrusion 165 from the light-shielding coat- 
ing layer 166 and the hydrophobic coating layer 167. 
Similarly to the optical fiber 150 shown in Rg.29, the 
coating layer 158 is formed with a thickness of the order 
of 40 nm on the surface of the protrusion 165. 

Similarly to the optical fiber 150, the above- 
described structure of the optical fiber 160 operates as 
a detector for light detection. Since the optical fiber 160 
has the light-shielding coating layer 166, operating as a 
light-shielding portion for interrupting tiie light radiated 
on an area otiier than the coating layer 168 of the optical 
fiber 160, it becomes possible to reduce any adverse 
effects of extraneous light for improving the detection 
efficiency. 

An optical fiber according to an eighteenth embodi- 
ment of the present invention is a double-core optical 
fiber 171 has two sorts of cores 172. 173 of different 
refractive indices and a cladding 174. as shown for 
example in Fig.31. The optical fiber 170 of the present 
embodiment has such optical fiber 1 71 having at its one 
end an exposed portion 1 75 of the core 1 73 from the 
cladding 174. a tapered portion 176 of the core 173 at 
the end of tiie exposed portion 175. and a conically 
sharpened portion 177 of the core 172 extended from 
the end of the tapered portion 1 76. 

The cladding 174 and the cores 172. 173 of the 
optical fiber 171 are formed of pure quartz and quartz 
doped witii germanium dioxide, respectively. The dop- 
ing amounts of germanium dioxide to tfie cores 172, 
173 are 0.9 mol% and 0.2 moI%. respectively. The ger- 
manium dioxide doping ratio is higher for tiie inner core 
172 than for the outer core. The apex angles of the 
tapered portion 176 and the protrusion 177 are 130° 
and 62". respeaively. 

Similarly to the optical fibers 10, 20 of the first and 
second embodiments, the above-described optical f ber 
1 70 operates as an optical probe for detecting the eva- 
nescent light in the photon scanning tunneling micro- 
scope. There is no risk of tfie peripheral part of the 
cladding 1 74 impinging on tfie sample surface for pre- 
venting the sample surface or the optical f ber 1 70 from 
becoming damaged. 

The above-described optical fiber 1 70 can be pro- 
duced easily because it can be produced by one step 
etching on the condition that tiie composition of the 
etching solution is varied depending on the composition 
of tfie cores 1 72. 1 73 and tiie cladding 1 74. 

Similarly to tfie optical fiber 170 shown for example 
in Fig.32. an optical fiber of a nineteenth embodiment of 
the present invention has at an end of the double-core 
optical fiber 1 71 an exposed portion 1 85 of tfie core 1 73 
exposed from tfie cladding 1 74. a tapered portion 1 86 of 
the core 1 73 on the foremost part of the core 1 73, and a 



conically sharpened protrusion 187 of tfie core 172 pro- 
fruded fonn the foremost part of tfie tapered portion 
186. The optical ftoer 170 also has a light-shielding 
coating layer 188 on the surface of tfie profrusion 187 
5 . and an aperture 189 formed by exposing tfie foremost 
part of tfie protrusion 187 at the light-shielding coating 
layer 188. 

Similarly to tfie above-described nineteentfi 
embodiment, tfie above-described optical fiber 180 
10 operates as an optical probe for detecting the evanes- 
cent light in the photon scanning tunneling microscope. 
There is no risk of tfie peripheral part of the cladding 
174 impinging on the sample surface for preventing tfie 
sample surface or the optical fiber 170 from becoming 
15 damaged. 

Moreover, since the light-shielding coating layer 
188 on tfie surface of the protrusion 187 operates as a 
light-shielding portion interrupting the detection light, 
tfie detection light can enter tfie optical fiber 180 only at 
20 tfie aperture 1 89 for improving the detection efficiency 
An optical fiber according to a twerrtietfi embodi- 
ment of tfie present invention includes, at one end of tfie 
optical fiber 1 1, a protitision 194 obtained on sharpen- 
ing tfie core 12 extended from the cladding 13. a detec- 
ts tion end 195 having an enlarged apex angle at tfie 
foremost part of tfie profrusion 194. a light-shielding 
layer 196 on tfie surface of the profrusion 194. and an 
aperture formed by exposing tfie foremost part of tfie 
detection end 195 from the light-shielding coating layer 
30 196. 

Alternatively, the light-shielding coating layer 196 
may be fonned by a first coating layer 198 on the sur- 
face of tfie protrusion 194 and a second coating layer 
199 on the surface of tfie detection end 195, witti tfie 
35 foremost part of tfie detection end 1 95 having tfie aper- 
ture 197 exposed from tfie second coating layer 199, as 
shown in Fig, 34. The apex angle of the profrusion 1 94 is 
on the order of 20^ while tfie diameter of the proximal 
end of tfie detection end 195 is 400 to 600 nm and the 
40 apex angle (cone angle) of the detection end 1 95 is on 
the order of 50** to 90**. 

If. in tfie optical fiber 80 shaped as shown for exam- 
ple in Fig. 14. tfie fransmission coeffident of tfie detec- 
tion light entering and exiting the aperture 87 is found, 
45 under varying diameters of tfie aperture 87, tfie relation 
shown in Fig.35 is reached. If tfiis relation is found for 
tfie optical fiber 80 having tfie apex angle of tfie protru- 
sion of 20- and 50^ if is found that the fransmission 
coefficient is substantially equal for the apex angle of 
50 tfie profrusion 85 of 20° and 50- for an area in which tfie 
diameter of the aperture 87 is not less tfian approxi- 
mately tfie wavelength (Ayn. where n is the specific 
refractive index of the core 12) of tfie detection light in 
the core 12. 

55 ft is however seen tfiat. If tfie diameter of tfie aper- 
ture 87 is smaller than tfie wavelengtfi of the detection 
light in tfie core 12, the transmission coeffident for tfie 
apex angle of tfie profrusion 85 of 20'* becomes signifi- 
cantly smaller than the transmission coefficient for tfie 
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apex angle of 50^. The reason is that, for the apex angle 
of 20'' of the protrusion 85, the distance from a position 
at which the diameter of the protrusion 1 95 is not larger 
than the wavelength of the detection light as far as the 
foremost part of the detection end 195 becomes longer 
than that for the apex angle of 50°, with the result that 
light loss becomes signiffcant at a portion where the 
diameter of the tip 75 becomes not larger than approxi- 
mately the wavelength. Therefore, in the optical fiber of 
the twentieth embodiment, the distance from the posi- 
tion at which the diameter of the protrusion 194 
becomes not larger than the wavelength of the detection 
light as far as the foremost part of the detection end 1 95 
is reduced by setting the diameter dA of the aperture 
195 to approximately 600 nm larger than the wave- 
length of the detection light of 400 nm and by setting the 
apex angle of the detection end 195 to 50"* to .90"*. The 
transmission coefficients for the diameter de of the 
aperture 197 of 200 nm and 250 nm are approximately 
1 .0 X 1 0"^, 9.0 X lO'"* as indicated by #1 and #2, respec- 
tively, in Fig.35. This enables the detection light to be 
attenuated with the optical fiber 190 for improving light 
detection sensitivity for assuring measurement with a 
high S/N ratio. 

Since the apex angle of the optical fiber 190 is set 
to approximately 20"". as desaibed above, the foremost 
part of the cladding 13 may be spaced apart from the 
detection end 1 95 for preventing the foremost part of the 
cladding 13 from coming into contact with the article 
being detected. 

Similarly to the optical fiber 80 of the ninth embodi- 
ment, shown in Fig. 14, an optical fiber according to a 
twenty-first embodiment of the present invention has a 
reduced-diameter portion 204 and a protrusion 205, as 
shown for example in Fig.36. The optical fiber 150 has a 
coating layer 206 of, for example, a gel layer or layer of 
an amorphous material formed by heating the gel layer. 
The foremost part of the protrusion 205 has an aperture 
207 formed by exposing the foremost part of the coating 
layer 206. 

The light propagated in the protrusion 205 of the 
optical fiber 200 is reflected at an interface between the 
core 12 and the coating layer 206 so as to be radiated 
via aperture 207. Thus the light reflectance at the inter- 
face may be improved as compared to that in case the 
coating layer 206 is not provided thus improving the 
transmission efficiency. 

Similarly to the optical fiber 200 of the twenty-first 
embodiment, shown in Fig.36. an optical fiber according 
to a twenty-second embodiment of the present invention 
has a reduced-diameter portion 214 and a protrusion 
215. The optical fiber 210 has a coating layer of an 
amorphous material, such as quartz, on the surface of 
the protrusion 215, a light-shielding coating Iayer217 on 
the surface of the protrusion 215, and an aperture 218 
formed by exposing the foremost part of the protrusion 
21 5 from the amorphous coating layer 216 and the light- 
shielding coating layer 217. 

If the amorphous layer is not provided, the light 



leaking outside of the protrusion 215 is partially 
reflected at the interface between the protrusion and the 
shielding coating layer 217 and partially absorbed. The 
light intensity is attenuated by repetition of reflection. 

5 Since the amorphous coating layer 216 is provided on 
the surface of the protrusion 215, and hence the light 
ret ieaance on the interface of the protrusion 215 can be 
increased, the light propagated through the protrusion 
215 is diminished for improving the light transmission 

10 efficiency. 

With the optical fibers of the first to twenty-second 
embodiments, the tip or the protrusion operates as a 
lens for collecting the light propagated through the core. 
Since the collected light may be outputted at the aper- 

15 ture to enter a light waveguide, the optical fiber operates 
as an optical coupling element having a high optical 
coupling efficiency. 

By radiating the light collected by the tip or the pro- 
trusion on an organic thin film, the optical fiber operates 

20 as a recording light source so that the information can 
be recorded with high density on the organic thin film. 

With a method for producing an optical f iber accord- 
ing to the present invention, an end of an optical fiber 
made up of a core and a cladding is etched to form a tip 

2S by sharpening the core. A light-shielding coating layer is 
formed on the surface of the tip by etching the light- 
shielding coating layer. 

In a method for producing an optical fiber according 
to a twenty-third embodiment of the present invention, 

30 an optical fiber shaped as shown in Fig.4 is produced 
using an optical fiber having a cladding diameter do and 
a core diameter d^ as a starting material. 

The optical fiber producing method includes a 
sharpening step of etching an end of an optical f iber for 

35 forming a conically sharpened tip extending from the 
outer periphery of the cladding as far as the center of 
the core, a coating step of coating a light-shielding 
material on the surface of the tip and an aperture form- 
ing step of etching the light-shielding layer formed by 

40 the coating step for forming an aperture by exposing the 
foremost part of the tip. 

The sharpening step Includes a first etching step of 
forming a tapered portion formed by tapering the clad- 
ding at one end of the optical fiber, a second step of 

45 forming a recess in the core receded from the foremost 
part of the cladding of a tapered portion of the cladding, 
a third etching step of forming a flat portion in the fore- 
most part of the core and in the foremost part of the 
tapered portion, and a fourth etching step of forming a 

so conically sharpened tip extending from the outer per^h- 
ery of the cladding towards the center of the core. 

The first to fourth steps of sharpening the optical 
fiber is first explained. 

The case of using an optical fiber having tiie diam- 

55 eler do of tiie cladding 1 3 of 1 25 iim and the diameter dc 
of the core 12 of 3.4 jim and an addition ratio in the core 
of germanium dioxide GeOa as high as 25 mol% is 
explained. 

First, in the first etching step, one end 220 of an 
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optical fiber 11 shown In Fig.38A is etched in an inter- 
face between hydrofluoric acid and a liquid lighter in 
specific gravity than hydrofluoric acid, such as spindle 
oil or silicon oil. for 22 to 30 minutes if at room tempera- 
ture. 

If an end 220 of the optical fiber is etched on the 
interface between hydrofluoric acid and oil, an interfece 
230 around the optical fiber 1 1 is raised by surface ten- 
sion of hydrofluoric acid and oil thus forming a menis- 
cus. On this meniscus portion, the cladding 13 
contacted with hydrofluoric acid is etched and reduced 
in diameter as it keeps its columnar shape. If the optical 
fiber 11 is etched and the cladding 13 is reduced in 
diameter, the height Hm of this meniscus is reduced, as 
shown in Fig.39B. Thus, the height Hm of the meniscus 
is decreased until the cladding 13 is entirely etched . 
thus forming a tapered portion 221, as shown In 
Fig.39C. 

If the core 12 at the foremost part of the tapered 
portion 221 is exposed via the cladding 13. the exposed 
core 12 is readily etched, since the etching rate of the 
core 12 in hydrofluoric acid is faster than that of the 
cladding 13. thus forming the conical tapered portion 
221 at the end of the optical fiber 11. If the spindle oil 
with the specific gravity of 0.833 g/cm^ is used, the apex 
angle 62 Is on the order of 24« if the silicone oil with the 
specific gravity of 0.935 g/cm^ is used. This apex angle 
62 is determined depending on. for example, specific 
gravity or viscosity, thus assuring high reproducibility. 

Then, in the second etching step, the tapered por- 
tion 221 is etched for two to three minutes, for example, 
by hydrofluoric acid, for forming a recess 222 In the core 
12 receded from the foremost part of the cladding 13 of 
the tapered portion 221. Since the core of the present 
optical fiber 1 1 is doped with germanium dioxide GeOa 
to a high proportion, and hence the etching rate of the 
core 12 in hydrofluoric acid is significantly higher than 
that of the cladding 13, the portion of the core 12 at the 
foremost part of the tapered portion 221 is etched first 
thus fro forming the recess 222 in the core 12 receded 
from the foremost part of the dadding 13 of the tapered 
portion 221 . 

Meanwhile, the etching of the second etching step 
may be carried out In continuation to the first etching. 
That is. it suffices If. after the end of the first etching 
step, the optical fiber is furtiier intruded into hydrofluoric 
acid for carrying out etching for a pre-set time. Moreo- 
ver, if the etching time for this second etching step is 
Increased from tiie above-mentioned two minutes, the 
cladding 13 may be reduced in diameter. If the diameter 
of the cladding 13 of a given optical fiber is 125 inm, the 
diameter of the cladding 13 after such etching is 
decreased witii increase in etching time as Indicated by 
a square-shaped symbol in Fig.46. For example, if the 
etching time is 2 minutes, the diameter of the cladding 
13 is 70 urn, whereas, if the etching time is 3 minutes 
the diameter of the cladding 13 is 50 jim. Thus, by con- 
trolling the etching time, the diameter 13 of the cladding 
13 may be set to a desired value after tiie etching. 



Meanwhile, a triangular symbol in Fig.46 indicates 
the radius of curvature at the foremost part of the ulti- 
mately obtained tip 14 when the etching time is varied. 
It is seen that, by carrying out the etching for 1 .5 to 2 

5 . minutes, the radius of curvature of the foremost part of 
the tip 14 may be reduced to an extremely small value. 

Then, in the third etching step, the tapered portion 
221 is etched for 5 to 10 minutes, for example, using a 
buffered hydrogen fluoride solution having a ratio X for 
10 ammonium fluoride, for forming a flattened end 223 of 
ttie cladding at which the foremost part of the core 12 
and that of the tapered portion 221 become flush with 
each other. It suffices If. by the etching of the third etch- 
ing step, the cladding 13 ahead of the recess 222 can 
15 be etched, tiiere being no limitation on tiie composition 
of the etching liquid if tiie etching rate of tiie core 12 by 
the buffered hydrogen fluoride solution having tiie pro- 
portion X for ammonium fluoride Is not high. Next, in the 
fourth etching step, the tapered portion 221 is etched 
20 for, for example, 60 to 90 minutes, by an etching solution 
composed of a buffered hydrogen fluoride solution hav- 
ing a volumetric ratio X of ammonium fluoride of 10, as 
an example. 

If end faces of the core 21 of quartz SIO2 doped 
25 witii germanium dioxide GeOg and the cladding 13 
formed of quartz SiOs are kept in contact with a buffered 
hydrogen fluoride solution having a volumetric ratio of 
an aqueous solution of ammonium fluoride with a con- 
centration of 40 wt%. hydrofluoric acid with a concentra- 
30 tion of 50 wt% and water X : 1 : Y. where Y is arbitrary. 
the cladding 13 and 

thSiFg + 2H2O 



35 



HaSiFg + 2NH3 (NH4)2SiF6 



for Ge02: 



40 



Ge02 + 6HF HsGeFg + 2H2O 
HaGeFg + 2NH3 ^ (NH4)2GeF6 



Meanwhile, tiie core 12 formed of quartz doped with 
germanium dioxide GeOa and the cladding 1 3 formed of 
45 quartz are different from each other in the rate of disso- 
lution (etching rate) witii respect to the buffered hydro- 
gen fluoride solution. This difference in the dissolution 
rate (etching rate) is strongly correlated with the volu- 
meti-ic ratio X of ammonium fluoride, such that, although 
so there exists slight variation depending on the liquid tem- 
perature, the etching rates of the core 12 and the clad- 
ding 13 are substantially equal to each otiier for X 
approximately equal to 1.7. the etching rate of the core 
12 becomes faster for X smaller than 1 .7 and tiie etch- 
55 ing rate of tfie cladding 13 becomes faster for X larger 
than 1.7. Meanwhile, the value of X for the etching rate 
of the core 1 2 and tiiat of the cladding 13 becoming sub- 
stantially equal to each ottier varies in a range from 1 .5 
to 1 .7 depending on parameters, such as temperature. 
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Thus, if the optical fiber 1 1 having the tapered por- 
tion 221 arid the flattened end 223 as above described 
are etched in the etching solution having X larger than 
1 .7. etching proceeds as the cone angle 62 of the clad- 
ding 13 is maintained, as shown in Fig. 40. schemati- 
cally showing the shape of the optical fiber at the time of 
start of etching (t = 0), 'during etching (i = Tr2 ) and at 
the time of end of etching (t = T), where T is the time 
until end of etching. 

Since the etching rate of the core 12 is faster than 
that of the cladding 13. the cladding 13 is etched first 
with progress in etching, with the core 12 being pro- 
truded gradually. Since the core protruded from the 
cladding 13 is also etched cladding 13 towards the 
center of the core 12 is formed, as shown in Fig.SE. The 
cone angle B-i at this time is determined depending on 
the etching rates for the core 1 2 and the cladding 13, as 
represented by the following equation: 

clad 

where Rcore Rdad denote the core etching rate and 
the cladding etching rate, respectively. 

The etching solution used for the fourth etching 
step is not limited to the etching solution with the volu- 
metric ratio X of ammonium fluoride of 10. For example. 
X may be set to 20 (X = 20). 

Therefore, an etching solution having an ammo- 
nium fluoride : hydrofluoric acid : water ratio of X : 1 : 1 , 
where X > 1 .7, or 10 : 1 : Y. where Y < 30, may be used 
In the third etching step and the etching of the fourth 
etching step may be carried out continuously using this 
etching solution for shortening the time of the third etch- 
ing and the fourth etching. 

Specifically, if such an etching solution having the 
ammonium fluoride : hydrofluoric acid : water ratio of 10 
: 1 : 1 . it suffices if the etching is carried out for approxi- 
mately 90 minutes throughout the third and fourth etch- 
ing steps. 

Since the density of germanium dioxide Ge02 in 
the vicinity of the center of the core 12 is higher in the 
optical fiber 1 1 , the etching rate of the fourth etching 
step in the vicinity of the core 1 2 in the etching solution 
with X = 1 0 is slightly faster than that in the vicinity of an 
outer rim portion of the core 1 2, so that the radius of cur- 
vature at the foremost part of the tip 14 may be dimin- 
ished. 

Since the cone angle e-i of the tip 14 formed by the 
fourth etching step is determined by the etching rate 
ratio between the core 12 and the cladding 13. as 
explained previously, it is determined by the distribution 
of germanium dioxide Ge02 in the core 12 and the vol- 
umetric ratio X of ammonium fluoride NH4F in the etch- 
ing solution. 

Assuming that An is varied by controlling GeGo2 
doping ratio, as indicated by a black circle dot in Fig. 41 , 
the larger the difference An between the core 1 2 and the 
cladding 13 becomes, the smaller the ratio of the etch- 
ing rate of the core 12 to that of the cladding 13 or 



sin(e ^/2) becomes, thus decreasing the cone angle 61. 

On the other hand, if the ammonium fluoride : 
hydrofluoric acid : water ratio in the etching solution 
used in the fourth etching step is set to X : 1 : 1 , and the 

5 ratio X of ammonium fluoride is varied, the cone angle 
di if the tip 14 becomes smaller with increase in the 
ammonium fluoride ratio X, if the ratio X of ammonium 
fluoride is approximately not more than 10. Thus, the 
cone angle 6^ of the tip 14 can be controlled by select- 

10 ing the ratio X of ammonium fluoride. 

Thus, if the etching Is carried out during the first 
etching step on the interlace between the silicon oil and 
hydrofluoric acid, such that the cone angle 62 of the 
cladding 13 is 20°. the cone angle S-j of the core 12 of 

15 the protrusion 52 extended from the tip 51 can be ren- 
dered larger than the cone angle 62 of the tip 51 . as 
shown in Rg.l 1. 

If the volumetric ratio X of ammonium fluoride NH4F 
in the etching solution used in the fourth etching step is 

20 larger than approximately 1 .7, the tip of the core 1 2 can 
be sharpened. However, if X Is Increased excessively, 
the etching rate Is lowered, thus prolonging the etching 
time. If X is on the order of 40 to 50, the cone angle S-j 
is again increased. Therefore, the value of X is desirably 

25 on the order of 20 to 30 at most. 

If the ammonium fluoride : hydrofluoric acid : water 
ratio of the etching solution used in the fourth etching 
step is set to 10:1 : Y, where Y is the ratio of water, and 
if the value of Y is varied, the cone angle of the tip 14 

30 is increased with an increased value of the water ratio Y. 
as shown In Rg.43. Thus, the cone angle 61 of the tip 14 
can be controlled by selecting the water ratio Y. 

By the above-mentioned first to fourth etching 
steps, an optical fiber 225 having a structure shown in 

35 Fig.38E is formed. Since the shape of the tip 14 of tiie 
optical fiber 225 is determined by the distribution of ger- 
manium dioxide Ge02. it is high in reproducibility, thus 
realizing a conical shape with high reproducibility. 

The above-mentioned coating and etching steps 

40 are now explained. During this coating step, the optical 
fber 225 is rotated in vacuum about its center axis, 
using a vacuum evaporation unit, and a vapor 226 of a 
light-shielding material is supplied from obliquely lower 
position of the tip 14 for vapor evaporation for forming 

45 the above-described coating layer of the shielding mate- 
rial 15. as shown in Fig.44. The gold vapor 226 is sup- 
plied for coating, with the angle (j) in Fig.44 set to, for 
example, 50 to 60"^. for vapor evaporation for forming an 
evaporated gold film 227 having a thickness of approxl- 

50 mately 1 25 nm on the surface of the tip 14. as shown for 
example in Fig. 45. By supplying the gold vapor 226 from 
obliquely below the tip 14 in vacuum for vapor evapora- 
tion, the evaporated gold film 227 at the foremost part of 
tiie tip 14 is reduced in thickness because the vapor of 

55 tiie material used tends to proceed straightly. 

In the aperture forming step, the light-shielding 
coating layer 15 is etched. If gold is used as the light- 
shielding coating layer 1 5 as described above, a surface 
layer 227a of the evaporated gold film 227 is etched by 
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approximately 25 nm by a potassium iodide solution 
(aqueous solution of Kl-y. 

if the light-shielding coating layer 15 is formed of 
gold, platinum or palladium, the etching solution may 
also be aqua regia, bromine solution of KCN solution, in s 
place of the Ki-lj aqueous solution. If aluminum is used 
as the light-shielding coating layer 15, the coating layer 
IS etched by an alkaline solution, such as NaOH or KOH 
aqueous solution with a concentration of the order of 
0.1%. or by an add such as dilute hydrochloric acid, a io 
mixed solution of an aqueous KOH solution, red prussi- 
ate and water or a mixed solution of phosphoric acid, 
nitric acid and acetic acid, may be used. If the light- 
shielding coating layer 15 is formed of silver, it may be 
etched using a mixed solution of aqueous ammonia and is 
aqueous hydrogen peroxide or using a dilute nitric acid. 
If the light-shielding coating layer 15 is formed of nickel. 
It is etched using a mixed solution of nitric acid, acetic 
acid and acetone or using nitric acid. 

If etching is peiformed in this manner, since the 20 
foremost part of the light-shielding coating layer 15 is 
reduced in thickness as described above, the foremost 
part of the tip 14 is exposed from the light-shielding 
coating layer 15. such that the foremost part of the tip 14 
is exposed from the light-shielding coating layer 15 for 2s 
forming the aperture 16 having a diameter on the order 
of 30 nm. This completes the optical fiber 10 as shown 
in Fig.4. 

If. instead of can^ying out the etching of the etching 
step, simply the gold vapor 226 is supplied from 30 
obliquely lower position to the tip 14 for vacuum evapo- 
ration, the light can be transmitted due to the reduced 
thickness of the evaporated gold layer 227 at the fore- 
most part of the tip 14. so thai such foremost part can 
be used as a pseudo aperture. However, if the optical 35 
fiber IS used as an optical probe for the above-described 
photon-scanning tunneling microscope, the evanescent 
light is absorbed to an increased extent at the pseudo- 
aperture. Consequently, with the present method for 
producing the optical fiber, the iight-shiefcJing coating 40 
layer 227 is etched for forming the aperture 16 for com- 
pletely exposing the foremost part of the tip from the 
evaporated gold film 227. 

With the present method for producing the optical 
fiber, since the shape of sharpening of the core 12 is 45 
determined by the shape of the tapered portion 221 
formed during the first etching step on the interlace 
between hydrofluoric acid and a liquid lighter than 
hydrofluoric acid, the tip 14 can be improved in shape 
reproducibility. Moreover, with the present optical fiber so 
producing method, since the light-shielding coating 
layer formed during the coating st^ is etched during 
the aperture forming step for forming the aperture, it 
becomes possible to expose the foremost part of the tip 
1 4 completely from the light-shielding layer for forming 55 
the aperture. 

Similarly to the above-described twenty-third 
embodiment of the present inventfon. a method for pro- 
ducing an optical fiber according to a twenty-fourth 



embodiment of the present invention includes a sharp- 
ening step of sharpening an end of an optical fiber for 
forming a conically sharpened end extending from the 
outer rim of the cladding to the center of the core, a 
coating step of coating a light-shielding material on ttie 
surfece of the tip for fcrming a light-shielding coating 
layer and an aperture forming step of etching the iight- 
shielding coating layer formed by the coating step for 
forming an aperture by exposing the foremost part of 
the tip. 

Rrst. in the sharpening step of the optical fiber pro- 
ducing method, the etching similar to that of the first to 
fourth etching steps of the twenty-third embodiment is 
carried out for forming the optical fiber 225 having the 
tip 14 by conically sharpening the cladding 13 and the 
core 12 from the outer rim of the cladding 13 to the 
center of the core 12. 

With the present optical fiber producing method the 
coating step includes a first coating step and a second 
coating step. In the first coating step, aluminum is evap- 
orated on the optical fiber 225 formed as described 
above to form a light-shielding coating layer 25 having a 
thickness on the order of 800 nm. 

In the first coating step, the optical fiber 225 is 
rotated in vacuum about is center axis, using a vacuum 
evaporation device, as in the coating step shown in 
F(g.44. An aluminum vapor 226 is supplied from an 
obliquely lower position of the tip 24 for evaporation for 
forming the light-shielding coating layer 25. The mate- 
rial used as the coating layer may also be any material 
having high light shielding properties and high electrical 
conductivity, such as gold, silver, platinum, palladium or 
nickel, in place of aluminum. Although the light-shielding 
coating layer 25 is formed by a sole aluminum coating 
layer, it may also be formed as a coating layer of high 
peeling resistance by first coating a material liable to be 
adsorbed to glass, such as chromium, germanium or sil- 
icon, and by coating a material having high light shield- 
ing performance, such as gold, for forming a dual 
coating layer. 

With the present twenty-fourth embodiment, since 
the corrosion-resistant coating layer 26 is formed in the 
second coating step as later explained for forming the 
corrosion-resistant coating layer 26 in an area other 
than the foremost part of the light-shielding coating 
layer 25, and the portion of the layer 25 disposed at the 
foremost part of tiie tip 24 is selectively etohed by etch- 
ing, it is unnecessary to carry out vacuum evaporation 
as described above for forming the light-shielding coat- 
ing layer 25. 

Consequently, tiie coating of the first coating step 
may also be can-ied out by sputtering in which particles 
of sputtered material are less liable to proceed along a 
sti-aight path, or by a wet process such as electroless 
plating followed by hydrophilizing processing. If the 
coating of the first coating step is can-ied out by sputter- 
ing, the number of the optical fibers that can be proc- 
essed at a time in case of employing an apparatus of 
tile same scale as that used for the above-described 
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vacuum evaporation can be increased for lowering the 
production cost. 

During the next coating step, the optical fiber 225 is 
rotated in vacuum about its center axis, using a vacuum 
evaporation unit, and a vapor 226 of a corosion- resist- 5 
ant material is supplied from an obliquely lower position 
of the tip 14 for vapor evaporation, for forming the 
above-described coating layer of the shielding material 
26, as in the coating step shown in Fig.44. Specifically, 
the angle <() shown in Fig.44 is set to approximately 50" io 
and gold vapor 226 is supplied to form an evaporated 
gold film having a thickness on the order of 80 nm to 
form a corrosion-resistant coating layer 26. If aluminum 
Is used as the corrosion-resistant coating layer 26, the 
material that can be used for forming the corrosion- is 
resistant coating layer 26 may be any material other 
than gold if such material can be easily evaporated and 
cannot be etched during the aperture forming step, 
such as silver or platinum. 

In such vacuum evaporation, gold vapor 226 tends 20 
to proceed along a straight path to a more extent than if 
sputtering is used for coating. Therefore, if the gold 
vapor 226 is supplied from the rear side to the tip 24, as 
described above, the gold vapor 226 is not turned round 
to the foremost part of the light-shielding coating layer 25 
25, such that gold is not affixed to the foremost part of 
the light-shielding coating layer 25. This forms a corro- 
sion-resistant coating layer 26 on a portion other than 
the foremost part of the light-shielding coating layer 25 
to form an exposed portion 28 at the foremost part of 30 
the light-shielding coating layer 25 exposed from the 
corrosion-resistant coating layer 26, as shown for exam- 
ple in Fig.47. 

Finally, at the aperture forming step, the foremost 
part of the optical fiber 225. where the light-shielding ss 
coating layer 25 and the corrosion-resistant coating 
layer 26 have been formed as described above, is 
etched by an etching solution composed of an aqueous 
NaOH solution having a concentration on the order of 

0.1%. 40 

Since gold of the corrosion-resistant coating layer 
26 is corrosion-resistant with respect to the aqueous 
NaOH solution and is not dissolved therein, while alumi- 
num of the light-shielding coating layer 25 is dissolved in 
the aqueous NaOH solution, so that the light-shielding 45 
layer 25 of the exposed portion 28 is etched selectively. 
This forms an aperture 27 about 40 nm in diameter by 
the foremost part of the tip 24 exposed from the light- 
shielding coating layer 25. 

Thus, with the present optical fiber forming process, so 
the aperture 27 can be formed easily in the light-shield- 
ing coating layer 25 by selectively etching the exposed 
portion 28 at the foremost part of the light-shielding 
coating layer 25 which is the foremost part of the tip 24 
exposed from the con'osion-resistant coating layer 25. ss 

Similarly to the etching solution used in the aper- 
ture forming step in the twenty-third embodiment, the 
etching solution used in the present aperture forming 
step may be other than the aqueous NaOH solution if it 



can etch the light-shielding coating layer 25. without 
etching the corrosion-resistant coating layer 26. 

It is only sufficient if the material of the light-shield- 
ing coating layer 25 and that of the corrosion-resistant 
coating layer 26 are such that the material of the corro- 
sion-resistant coating layer 26 is higher in resistance 
against the etching solution used in the aperture form- 
ing step than the material of the light-shielding coating 
layer 25. If this condition is met, the light-shielding coat- 
ing layer 25 can be selectively etched at the exposed 
portion 28 in the aperture forming step for forming the 
aperture 27. 

Specifically, noble metals, such as silver or plati- 
num, having resistance against the aqueous solution of 
NaOH, can be used in place of gold as the corrosion- 
resistant coating layer 26 if aluminum is used as the 
light-shielding coating layer 25 and an aqueous solution 
of NaOH is used as the etching solution in the aperture 
forming step. 

Since these noble metals are resistant against the 
alkaline solution such as NaOH solution or acid solu- 
tion, the light-shielding coating layer 25 can be pro- 
tected when the present optical fiber is used in a photon 
scanning tunneling microscope for measuring the 
shape of a sample in an alkaline or acidic solution. 

If noble metals, such as gold, silver or platinum, are 
used as the light-shielding coating layer 25. the etching 
solution used In the aperture forming step may be an 
aqueous solution of KI-I2, while the corrosion-resistant 
coating layer 26 may be silica-based ceramics, such as 
Si02. or alumina-based ceramics, such as AI2O3, exhib- 
iting resistance against the KI-I2 aqueous solution. 

With the method for producing the optical fiber 
according to a twenty-fifth embodiment of the present 
invention, an optical fiber shaped as shown in Fig.8 is 
produced by a processing sequence as shown in 
Fig,48. With the present optical fiber producing method, 
when forming the tapered portion in the cladding 13 in 
the taper forming etching step similar to that used in the 
above-described twenty-fourth embodiment, the optical 
fiber 1 1 is intruded a "length into hydrofluoric acid, as 
shown in Fig.48C, for continuing the etching, when a 
tapered portion has been formed to some extent and a 
reduced-diameter portion 232 with a reduced diameter 
of the cladding 13 is left, as shown in Fig.48B. 

In this case, the optical fiber 1 1 is further etched 
after it is intruded a length L-i into hydrofluoric acid. The 
cladding 13 is reduced in diameter in this manner while 
the tapered portion 231 and tiie reduced-diameter por- 
tion 232 are left. When the cladding 13 of the reduced- 
diameter portion 232 is dissolved completely, there is 
formed a reduced-diameter portion 235. in which the 
cladding 13 is reduced in diameter, between a tapered 
portion 233 at the foremost part of tiie cladding 13 and 
a tapered portion 234 formed on an interface 230 
be^Af9en hydrofluoric acid and silicon oil. As shov/n in 
Fig.49 showing the relation between the timing of Intrud- 
ing tiie optical fiber into hydrofluoric acid by the lengtii 
L-t and the diameter of the cladding 13 of the resulting 
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reduced-diameter portion 235, the diameter of the clad- 
ding 1 3 may be reduced at the reduced-diameter por- 
tion 235 by setting a faster time point as the timing of 
intruding the optical fiber into hydrofluoric acid. 

If the etching of the sharpening step similar to that s 
of the twenty-fourth embodiment is performed on the 
thus shaped optical fiber 236. the portion of the core 12 
exposed from the foremost part of the tapered portion 
233 is sharpened for forming the optical fiber 30 shaped 
as shown in Fig.8. Since a diameter di of the reduced- io 
diameter portion 35 derived from the reduced-diameter 
portion 235 depends on the timing of intruding the opti- 
cal fiber 1 1 into hydrofluoric acid in the course of the 
taper-forming etching step, such diameter d^ can be set 
to a desired value by controlling the timing of intrusion of i5 
the optical fiber 1 1 into hydrofluoric acid in the taper 
forming etching step. 

In addition, a length Lq of the reduced-diameter por- 
tion 35 is equal to the length of intrusion of the optical 
fiber 1 1 into hydrofluoric add less the length of the 20 
tapered portion 35. the length Lo of the reduced-diame- 
ter portion 35 can be set to a desired value by control- 
ling the length by which the optical fiber 1 1 is intruded 
into hydrofluoric acid. The optical fiber 40 shaped as 
shown in Fig.9 may be formed by performing he coating 25 
step and the aperture forming step on the optical fiber 
prepared as described above in the same way as in the 
twenty-third or twenty-fourth embodiment for forming 
the light-shielding coating layer. 

In an optical fiber producing method according to a 30 
twenty-sixth en*odiment of the present invention, an 
end of the optical ffoer 1 1 is etched on an interface 
between hydrofluoric acid and a liquid lighter in specific 
gravity than hydrofluoric acid, for forming a tapered por- 
tion 221. as in the first etching step of the twenty-third 35 
embodiment. The tapered portion 221 thus formed is 
then etched in an etching solution composed of a buff- 
ered hydrogen fluoride similar to that used in the fourth 
etching step of the twenty-third embodiment. 

If the specific refractive index difference An 4o 
between the core 1 2 and the cladding 1 3 is not less than 
2.5%. the volumetric ratio X of ammonium fluoride 
NH4F is set to a value ranging from 1 .25 to 20. 

By such etching, the portion of the core 12 exposed 
from the foremost part of the tapered portion 221 is also 45 
etched from the lateral surface and sharpened for form- 
ing the predation 52. as shown in Fig.50. Specrfically. 
the apparent etching rate for the cladding 13 for expos- 
ing the core 12 from the tapered portion 221 is equal to 
1/{sin(e2/2) times the actual etching rate R^ad for the so 
cladding 253. where 62 is the cone angle of the tapered 
portion 221. Thus the cone angle 6, of the core 12 at 
the foremost part of the protrusion 52 can be reduced 
as compared to the case of the twen^y-third embodi- 
ment. By increasing the volumetric ratio X of ammonium 55 
fluoride NH4F in such etching, the cone angle of the 
protrusion 52 can be decreased with increased value of 
X. 

The light-shielding coating layer 53 is then formed 



on the surface of the protrusion 52 and etched for form- 
ing the aperture 54. in the same way as in the twenty- 
third or twenty-fourth embodiment as described above, 
for forming the optical fiber 50 shaped as shown in Fie 

Tnus. with the above-described optical fiber pro- 
ducing method, the cone angle of the core 12 at the 
protrusion 52 can be reduced for producing the optical 
fiber having improved detection sensitivity. 

A method for producing an optical fiber according to 
a twenty-seventh embodiment of the present invention 
etches, as in the first etching step of the twenty-third 
embodiment, described above, the end 220 of the opti- 
cal fiber 1 1 shown in Fig.52A for about 21 minutes on an 
interfece between hydrofluoric acid and a liquid lighter in 
specific gravity than hydrofluoric acid for forming a 
tapered portion 221 as shown in Fig.52B. The etching is 
terminated In a state in which the core 12 is left at the 
foremost part of the tapered portion 221 . 

The optical fiber 1 1 . thus formed with the tapered 
portion 221, is etched for about 10 to 15 minutes in an 
etching solution having the volumetric ratio X of ammo- 
nium fluoride NH4F equal to about 2. The core 12 is 
etched at this time from its lateral surface. However, by 
terminating tiie etching immediately before complete 
dissolution, the foremost part of the core 12 protruded 
from tiie tapered portion 221 is sharpened to form the 
profusion. Altiiough ttie cone angle of tiie proti-usion 
52 at the foremost part of tiie core 12 becomes as small 
as 10 to 15'*, the cone angle 6^ cannot be controlled 
since the etching state is a ti-ansient etching state. How- 
ever, not only can the cone angle be decreased, but 
also the sharpening process can be simplified to lower 
tfie production cost. 

The optical fiber, thus shaped, can be used in tiie 
processing downstream of the coating step of the 
twenty-tiiird or twenty-fourtii embodiments described 
above. 

A method for producing an optical fiber according to 
a twenty-eightti embodiment of the present invention is 
directed to a method for producing the optical fiber 60 
shown in Fig. 12. The optical fiber producing method 
includes a first etching step of etching an end of tfie opti- 
cal fiber 1 1 made up of the core 1 2 and the cladding 1 3 
for reducing tiie tfilckness of tiie cladding 1 3 for forming 
tiie reduced-diameter portion 64. a second etching step 
of etching tiie foremost part of the reduced-diameter 
portion 64 for sharpening the core 12 for forming the 
proti-usion 65. a first coating step of forming ttie light- 
shielding coating layer 66 on the surface of tiie protru- 
sion 65. a second coating step of forming tiie con-osion- 
resistant coating layer 67 on the surface of a portion 
otiier than tiie foremost part of tiie light-shielding coat- 
ing layer 66. and an aperture forming step of etching Uhe 
light-shielding layer 55 at the foremost part of the protru- 
sion 65 for exposing the foremost part of the proti-usion 
65 from the light-shielding coating layer 66 for forming 
the aperture 68. 

In tiie present optical fiber forming metiiod. an opti- 
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cal fiber 245 shaped for having the reduced-diameter 
portion 64 and the protrusion 65 as shown in Fig.53C is 
produced in the first and second etching steps shown in 
Fig.53. In the first and second coating steps, the light- 
shielding coating layer 66 and the corrosion-resistant 5 
coating layer 67 are formed 5n the protrusion 65 of the 
opticai fiber 245, and the aperture 68 is formed in the 
aperture forming step. 

A case in which an optical fiber 1 1 having the diam- 
eter do of the cladding 13 of 3.4 jam and the diameter d^ 10 
of the core 12 of 3.4 ^m. with germanium dioxide Ge02 
added into the core 12, is used, is now explained. In the 
resent optical fiber 1. density distribution is set so that 
the density in the center of the core 1 2 of Ge02 added 
to the core 2 is high and the density thereof in the outer 75 
periphery of the core 2 is low. 

In the first etching step, an end 240 of the optical 
fiber 1 1 shown in Fig. 53 A is etched for about 70 to 80 
minutes, using an etching solution comprised of a buff- 
ered hydrogen fluoride solution having a volumetric ratio 20 
of an aqueous solution of ammonium fluoride with a 
concentration of 40 wt%, hydrofluoric acid with a con- 
centration of 50 wt% and water, with the volumetric ratio 
of X : 1 : Y, where Y is arbitrary, with the volumetric ratio 
X of ammonium fluoride NH4F being on the order of 1 .7. 25 

In this manner, the cladding 13 contacted with the 
etching solution is etched to form the reduced-diameter 
portion 64. as shown for example in Fig.53B. The diam- 
eter 62 of the reduced-diameter portion 64 can be con- 
trolled by varying the etching time and the volumetric 30 
ratio X of ammonium fluoride NH4F in the etching solu- 
tion. On the other hand, the length of the portion of the 
optical fiber 11 dipped in the etching solution can be 
adjusted for varying the length of the reduced-diameter 
portion 64. 35 

In the second etching step, etching is carried out 
using an etching solution comprised of a buffered hydro- 
gen fluoride solution having the volumetric ratio X of 
ammonium fluoride NH4F larger than 1.7. Specifically, 
an etching solution having the volumetric ratio X ranging 40 
from 5 to 10 is used at a temperature of 23*^0. The etch- 
ing is carried out for about 60 minutes and for about 120 
minutes when the etching solution having the volumetric 
ratio X of 5 or the etching solution having the volumetric 
ratio X of 10 are used, respectively. Since the volumetric 45 
ratio X of ammonium fluoride NH4F in the etching solu- 
tion used in the second etching step is 5 to 10, the etch- 
ing rate for the cladding 1 3 is faster than that for the core 
12. 

With such etching, since the etching rate for the so 
core 12 is faster than that for the cladding 13. the clad- 
ding 13 is first etched with progress in etching, thus 
gradually exposing the core 12. Since the core 12 pro- 
truded form the cladding 13 is also etched from its lat- 
eral surface, the portion of the core 12 exposed from the ss 
cladding 13 is sharpened ccnically with progress in 
etching. 

In this manner, the protrusion 65 in which the core 
12 is protruded from the cladding 13 at the foremost 



part of the reduced-diameter portion 64 is formed, as 
shown in Rg.53C. 

Moreover, since the density of Ge02 at the center 
of the core 12 of the present optical fiber is higher as 
described above, the etching rate at the center of the 
core 12 is somewhat lower, while the etching rate is 
increased towards the peripheral part of the core 12. 
Thus the peripheral part of the core 1 2 of the protrusion 
is etched first so that the foremost part of the core 12 
becomes tapered and the protrusion 65 is sharpened 
conlcally. 

The cone angle 62 of the sharpened protrusion 65 
depends on the distribution of germanium dioxide Ge02 
in the core 12 and the volumetric ratio X of ammonium 
fluoride NH4F in the etching solution. The cone angle e-, 
of the protrusion 65 is determined by the etching rate of 
the core 12 and the cladding 13, as in the twenty-third 
embodiment described above, such that, if the volumet- 
ric ratio X of ammonium fluoride NH4F is varied, the 
cone angle is changed as shown in Fig.41. If, for exam- 
ple, the etching solution with the volumetric ratio X of 
ammonium fluoride NH4F of 5 is used, the cone angle 
81 can be set to about 20** depending on the etching 
time and the distribution of the density of GeOa in the 
core 12. Since the shape of the protrusion 65 is deter- 
mined in this etching depending on the distribution of 
germanium dioxide Ge02 added Into the core 12. it is 
possible to produce a conical shape with good repro- 
ducibility and symmetry. 

The optical fiber shaped as shown In Fig.53C may 
also be formed with use of a single-mode optical fiber 
which is doped with germanium dioxide GeOs to a con- 
stant distribution in the core 12 and the refractive index 
of the core 12 and the cladding 13 of which are changed 
In steps. 

In this case, sharpening of the protrusion 65 based 
on the distribution of Ge02 cannot be expected in dis- 
tinction from the case of using the optical fiber having 
the density distribution of Ge02 added to the core 1 2 as 
described above. However, if the sharpening corre- 
sponding to the ratio of the etching rate for the core 12 
and that for the cladding 13 is performed, such that a 
single-mode opticai fiber having the diameter of the 
cladding 13 of 125 ^m and the diameter of the cladding 
13 of 8 fjim is etched for 3 hours 15 minutes to 3 hours 
20 minutes at a temperature of 25*> using an etching 
solution having the composition similar to that of the 
etching solution used for the second etching and the 
volumetric ratio X of ammonium fluoride NH4F on the 
order of 10, the cone angle 6^ of the protrusion 65 
becomes slightly larger to about 105**. however, the con- 
ically sharpened portion 65 is formed as in the above- 
mentioned second etching step. The protrusion 65 can 
be sharpened for the volumetric ratio X of ammonium 
fluoride NH4F In the usable etching solution other than 
10. If the single-mode fiber is used, the reduced-diame- 
ter portion 64 can be formed by performing the etching 
similar to that performed on the single-mode fiber. 

If a single-mode fiber having the core 12 of quartz 
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Si02 and the cladding 13 of quartz SiOg doped with flu- 
orine F is used, an optical fiber with the cone angle at 
the protrusion 65 of the order of 77^ shaped as shown 
in Fig.SSC, may be formed. 

If such optical fiber is used, formation of the 
reduced<iiameter portion 64 and sharpening of the pro- 
trusion 65 can be realized by a sole etching operation by 
employing an etching solution having the volumetric 
ratio X of ammonium fluoride NH4F of the order of 1.7 
and a faster etching rate, such that the first and second 
etching steps can be carried out by a sole etching oper- 
ation. The result is the simplified production step and 
the lowered production cost. 

The first and second etching steps and the aperture 
forming step are explained. In the first coating step, the 
gold vapor is supplied from above the protrusion 65 to 
the optical fiber 245 formed by the above-mentioned 
first and second etching steps, as shown in Fig.55. This 
forms the light-shielding coating layer 66 of gold on the 
surface of the protrusion 65 as shown in Fig.55 to a film 
thickness of the order of 400 nm. 

The material that can be used for the light-shielding 
coating layer 66 is not limited to aluminum and may be 
any one of materials having high light shielding proper- 
ties and that can be etched in the aperture forming step 
as in the coating step of the twenty-third embodiment, 
such as gold, silver or platinum. Moreover, although the 
light-shielding coating layer 66 is formed with the first 
coating step by a sole aluminum coating layer, the light- 
shielding coating layer 66 with high peeling resistance 
may also be formed by first coating a material ready to 
be adsorbed to glass, such as chromium, germanium or 
silicon, on the protrusion 65. and then coating a material 
having high light-shielding properties, such as gold, for 
forming a dual coating layer. The coating by the first 
coating step may also be realized not only by evapora- 
tion but also by a method comprised of sputtering or 
electi^oless plating followed by hydrophrlizing treatment, 
in which particles are not liable to proceed linearly. If the 
coating by the first coating step is carried out by sputter- 
ing, the number of tiie optical fibers ttiat can be proc- 
essed at a time in case of using an apparatus of the 
same scale may be larger than that in case of vacuum 
evaporation thus reducing tfie production cost. 

In the second coating step, the optical fiber 245 pro- 
vided with the light-shielding coating layer 66 in the first 
coating step is dipped in a solvent obtained on dissolv- 
ing a syntiietic resin. The optical fiber 245 is then 
hoisted from the solvent. Specifically, a commercially 
available acrylic paint has been used as the solvent in 
which the synthetic resin has been dissolved. 

When the optical fiber is withdrawn the solvent, the 
solvent which has become deposited on the light-shield- 
ing coating layer 66 on the proti-usion 65 is atti-acted by 
surface tension towards the reduced-diameter portion 
64. Tnis exposes tiie light-shielding coating layer 66 at 
the foremost part of the proft-uslon 65 from tiie solvent. 
It suffices if the solvent in which tfie syntiietic resin has 
been dissolved is of low viscosity such that the light- 



shielding coating layer 66 at the foremost part of the 
proti-usion 65 is exposed from the solvent by surface 
tension. Also, it sufffces if the synthetic resin cannot be 
etched with the etching solution used in the aperture 
5. forming step. 

When tiie solvent is vaporized off. the synthetic 
resin is left on tiie surface of the light-shielding coating 
layer 66, such that an exposed portion 69. which is the 
portion of tfie light-shielding coating layer 66 at the fore- 
go most part of the protrusion 65 exposed from the con-o- 
sion-resistant coating layer 67 of synthetic resin, Is 
formed, as shown in Fig.57. 

If the viscosity of ttie solvent having the synthetic 
resin dissolved ttierein is high, there are occasions 
15 wherein tiie light-shielding coating layer 66 at the fore- 
most part of tiie protiusion 65 is not exposed from tfie 
corrosion-resistant coating layer 67. However, since the 
foremost part of tfie corrosion-resistant coating layer 67 
is reduced In tfiickness. tfie exposed portion which is 
20 tiie exposed foremost part of the light-shielding coating 
layer 66 can be formed by etching the con-osion-resist- 
ant coating layer 67 in its entirety. The etching solution 
used at this time may be an alkaline solution such as 
NaOH or an acid such as dilute hydrochloric acid. 
25 Then, at the aperture forming step, the optical fiber 
245. having tiie light-shielding coating layer 66 and ttie 
corrosion-resistant coating layer 67 formed on the sur- 
face of ttie proti-usion 65 as described above, is etched 
by an etching solution composed of an aqueous solu- 
30 tion of potassium iodide KI-I2 or an aqueous solution of 
potassium cyanide. 

Since ttie syntiietic resin making up ttie con-osion- 
resistant coating layer 67 is conrosion-resistant against 
tfie aqueous solution of KM2. while tfie gold constituting 
35 ttie light-shielding coating layer 66 is dissolved in the 
aqueous solution of KI-I2. the portion of the light-shield- 
ing coating layer 66 exposed from the exposed portion 
69 is selectively etched, ttius forming ttie aperture 68, 
which is ttie foremost part of the protrusion 65 exposed 
40 at ttie light-shielding coating layer 66, as shown in 
Fig.12. 

Specifically the optical fiber 245 having ttie core 12 
containing Ge02 having tfie density disti-ibution, having 
tiie cone angle of tfie proti-usion 65 of 20* and coated 
45 witti gold to a tfiickness of 400 nm, was etched for one 
to ttiree minutes with an etching solution which is tfie 
solution of KI-I2 with ttie Kl : Ig : water weight ratio of 20 
: 1 : 1 00. diluted by a dilution ratio of 1 00 in water, to pro- 
duce the aperture 68 of the order of 30 nm. 
50 On ttie other hand, the c^tical fiber 245 of the sin- 
gle-mode fiber having tfie cone angle of 105° and 
coated with gold to a thickness of 150 nm was etched 
for about five minutes with an etching solution which is 
ttie solution of Kl-ls with the Kl : I2 : water weight ratio of 
55 20 : 1 : 100. diluted by a dilution ratio of 50 In water, to 
produce the aperture 68 of the order of 100 nm. It suf- 
fices if the etching solution that can be used in ttie aper- 
ture forming step can etch tfie light-shielding coating 
layer 66 but cannot etch the corrosfon-resistant coating 
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layer 67 as in the aperture forming step of the above- 
described twenty-third embodiment. By employing such 
etching solution, the light-shielding coating layer 66 of 
the exposed portion 69 can be selectively etched in the 
aperture forming step for forming the aperture 68. The s 
above process can also be executed by dry etching 
such as by piiasma etching. 

With the present method for producing the optical 
fiber, since the light-shielding coating layer 66 at the 
foremost part of the protrusion where the corrosion- io 
resistant coating layer 67 is not fomied can be selec- 
tively etched in the aperture forming step, the aperture 
68 can be formed easily. 

With the optical fiber producing method according 
to a twenty-ninth embodiment of the present invention, 75 
the optical fiber is first etched for forming an optical fiber 
253 shaped as shown in Fig.SBE. The optical fiber 253 
is then processed as in the processing downstream of 
the twenty-eighth embodiment described above for pro- 
ducing the optical fiber 70 shown in Fig. 13. so 

That Is. with the method for producing the optical 
fiber, an end 250 of the optical fiber 1 1 shown in Fig.58A 
is etched for 25 to 30 minutes, as an example, on an 
interface between hydrofluoric acid and a liquid lighter in 
specific gravity than hydrofluoric add. such as spindle 2S 
oil or silicon oil. 

The meniscus is formed as described above in the 
vicinity of the Interface between hydrofluoric acid and 
the spindle oil or silicon oil. Since this meniscus 
becomes lower In height as etching of the cladding 13 30 
proceeds, the cladding 1 13 is etched in a tapering fash- 
Ion, thus forming the tapered portion 71 In the cladding 
13, as shown in Flg.58B. 

The tapered portion 71 . thus formed, is etched for 
two to three minutes by hydrofluoric acid. Since the 3S 
etching rate of the core 12 in hydrofluoric acid is faster 
than that of the core 12, a recess 251 receded with 
respect to the foremost part of the cladding 13 of the 
tapered portion 71 is formed in the core 12. as shown in 
Fig.58C. 40 

Moreover, the tapered portion 71 is etched for 90 
minutes, as an example, using an etching solution com- 
prised of a buffered hydrogen fluoride solution having 
the volumetric ratio X of ammonium fluoride NH4F of the 
order of 1.7 and the water volumetric ratio of 1. After 45 
etching for about 30 minutes, a flat end 252 comprised 
of a flat end of the core 12 and the flat end of the 
tapered portion 71 is formed, as shown in Fig.58D. As 
the etching is continued further, since the etching rate of 
the cladding 13 is faster in the etching solution of the so 
above composition than the etching rate of the core 12. 
the cladding 13 is first etched to form the flattened por- 
tion 74. with the core 12 being protruded from the clad- 
ding 13 of the flat portion 74 to form a protrusion 75 
having a conlcally sharpened end, as shown in Rg.58E. ss 

By processing the optical fiber 253, thus shaped, 
with the first and second coating steps and opening 
steps similar to those of the above-described twenty- 
eighth embodiment, the light-shielding coating layer and 



the aperture are formed, so that the optical fiber 60 
shaped as shown in Fig. 13 is produced. 

With a method for producing an optical fiber accord- 
ing to a thirtieth embodiment of the present invention, 
the first and second etching steps similar to those of the 
above-described twenty-eighth embodiment are carried 
out for forming the optical fiber 245 shaped as shown in 
Fig.53C. The light-shielding coating layer 66 is formed 
In the coating step on the surface of the protrusion 65, 
and a photosensitive layer is formed in a photosensitive 
layer forming step on the surface of the light-shielding 
coating layer 66. The light exposed photosensitive layer 
is removed In the exposed portion forming step for form- 
ing an exposed portion at the foremost part of the pho- 
tosensitive layer. In the aperture forming step, the 
portion of the light-shielding coating layer 66 exposed 
from the exposed portion formed at the foremost part of 
the photosensitive layer is etched for forming the aper- 
ture 87 which is the foremost part of the protrusion 65 
exposed from the light-shielding coating layer 66. In the 
photosensitive layer removing step, the photosensitive 
layer on the surface of the protrusion 65 Is removed for 
producing the optical fiber 80 shaped as shown in 
Fig. 14. 

In the above-described coating step, gold particles 
are supplied from the foremost part of the protrusion 65 
to the protrusion 65 of the optical fiber 245 formed by 
the first and second etching steps. This forms the light- 
shielding coating layer 66 made up of a gold layer about 
200 nm thick on the surface of the protrusion 65 from 
the foremost part of the protrusion 65. The thickness of 
the light-shielding coating layer 66 can be controlled by 
varying the coating time. The material that can be used 
as the light-shielding coating layer 66 is not limited to 
gold and may be any of materials having high light 
shielding properties and that can be etched by the aper- 
ture forming step, such as aluminum, silver or platinum, 
as in the coating step of the twenty-third embodiment. 

Alternatively, a gold vapor 247 may be supplied in 
vacuum in the coating step from a obliquely upward 
direction to the foremost part of the protrusion 65 for 
vacuum evaporation for forming the light-shielding coat- 
ing layer 66, as shown in Fig.59. Alternatively, the gold 
vapor 247 may be supplied in the coating step to the 
foremost part of the protrusion 65 In vacuum for per- 
forming vacuum evaporation for forming the light-shield- 
ing coating layer 66, as shown in Fig.59. In this case, 
e/aporation is carried out while the optical fiber 245 is 
rotated about its center axis for uniform evaporation on 
the surface of the protrusion 65. In the present coating 
step, a material such as chromium, germanium or sili- 
con that can readily be adsorbed to glass can be coated 
on the protrusion 65 and subsequently a material hav- 
ing high light shielding properties such as gokJ can be 
coated thereon to provide a dual-layer structure of the 
light-shielding coating layer 66 having high peeling 
resistance. 

If the light-shielding coating layer 66 can be formed, 
the coating in the present coating step can also be exe- 
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cuted not only by the above-mentioned sputtering or 
evaporation but also by electroiess plating. 



If the coating of the present coating step is per- 
formed by sputtering as described above, the number of 
optical fibers that can be processed at a time using the 
same scale device can be increased as compared to 
that achieved with the use of vacuum evaporation thus 
enabling the production cost to be lowered. 

Next, in the photosensitive layer forming step, a 
photosensitive material is deposited on the protrusion 
65 of the optical fiber 245 on which the light-shielding 
coating layer 66 has been formed in the above coating 
step. A so-called photoresist is used as the photosensi- 
tive material of the photosensitive layer. A syringe filled 
with the photoresist is secured on a micro-motion table 
for extruding the photoresist for causing a drop 256 of 
the photoresist at the distal end of the syringe 255, as 
shown in Fig. 60. 

Next, tiie optical f toer 245 is secured below the pho- 
toresist drop 256 with the protrusion 65 directed 
upwards. While the minute-motion table is moved qui- 
etly to prevent descent of the photoresist drop 256. the 
syringe is moved down for bringing the photoresist drop 
256 into contact with the protrusion 65 as indicated by a 
solid-line arrow in Fig.60. After deposition of the pho- 
toresist, the syringe is again raised, as indicated by a 
wavy line In Fig.60. This deposits the photoresist on the 
surface of the light-shielding coating layer 66 of the pro- 
trusion 65. By drying the photoresist, a photoresist layer 
88 is formed on the surface of the light-shielding coating 
layer 66, as shown in Fig.61. 

The thickness of the foremost part of the photore- 
sist layer 88 is governed by the viscosity of the photore- 
sist and by the diameter of the reduced-diameter 
portion 64. With the use of a photoresist having the vis- 
cosity of 50 mPa • s. the diameter of the reduced-diam- 
eter portion 64 was varied to 30 fim, 20 jim and 15 jiim 
and the cross-sectional shape of the photoresist layer 
deposited on the tip 55 was checked. The results are 
shown in Figs.62a, 62b and 62c. 

That is. if the diameter of the reduced-diameter por- 
tion 64 is enlarged, the thickness of the distal end of the 
photosensitive layer 88 is increased, whereas, if the 
diameter of the reduced-diameter portion 64 is 
decreased, tiie thickness of the distal end of tiie photo- 
sensitive layer 88 is decreased. If the diameter of the 
reduced-diameter portion 64 shown in Rg.62b is 20 urn, 
the distal end of the photosensitive layer 88 is 1 00 nm. 
whereas, if the diameter of the reduced-diameter por- 
tion 64 shown in Rg.62c is 1 5 fxm, the distal end of the 
photosensitive layer 88 is 35 nm. 

On the other hand, the distal end of the photosensi- 
tive layer 88 is increased and reduced in thickness with 
increase or decrease in tiie viscosity of the photoresist 
respectively The tiiickness of the photosensitive layer 
88 is also changed witii the thickness of the light-shield- 
ing coating layer 66. such that, if the light-shielding coat- 
ing layer 66 Is increased in thickness and the shape of 
the foremost part of the reduced<llameter portion 64 



and the protrusion 65 approaches to tiie flat shape, the 
photoresist is more susceptible to deposition to 
increase tiie thickness of tiie photosensitive layer 88. 
Since the diameter of the reduced<liameter portion 
5 64 can be controlled by varying the etching time for the 
first etching st^. tiie distal end of the photosensitive 
layer 88 can be set to a desired thickness. Alternatively, 
the distal end of the photosensitive layer 88 can be set 
to a desired tiiickness by controlling tiie coating time, or 
10 by controlling ttie thickness of the light-shielding coating 
layer 66. 

Altiiough tiie photosensitive layer 88 is formed in 
the above description by the photoresist, there is no 
particular limitation to the material making up the photo- 
15 sensitive layer 88 provided tiiat it has photosensitivity 
and is not etched with the etching solution used in tfie 
aperture forming step. Altiiough the syringe filled with 
tiie photoresist is moved for depositing the photoresist 
on tfie protrusion 65. the optical fiber 245 may be moved 
20 for depositing the photoresist thereon. 

Next, only the distal end of the photosensitive layer 
88 is selectively etched witti the evanescent light. Spe- 
cifically, a laser light beam 258, such as He-Cd laser, is 
caused to fall on a prism 257 at an angle exceeding the 
25 angle of total reflection for forming a field 258 of tiie eva- 
nescent light, as shown in Fig.63, That is. while the 
laser light beam 258 incident at tiie angle exceeding tfie 
angle of total reflection is reflected by an Interface 257a 
between the prism 257 and air. a field 259 of the eva- 
30 nescent light is formed in an area over a distance con-e- 
sponding to the wavelengtii of the laser light beam 258 
as measured from the surface of tiie prism 257, 

The optical fiber 245. on which the photosensitive 
layer 88 has been formed, is caused to approach to tiie 
35 surface of tfie prism 257 on which tfie evanescent light 
field 259 has been formed as described above. 

The intensity of the evanescent light in ttie evanes- 
cent light field 259 is adapted to be decreased exponen- 
tially with increased distance from the surface of tfie 
40 prism 259. Therefore, if a distance Re between the sur- 
face of tfie prism 257 and the foremost part of the opti- 
cal fiber 245 is on the order of tfie wavelength of the 
laser light beam 258. the light intensity of tfie evanes- 
cent light at tiie distal end of the protrusion 65 becomes 
45 significantiy higher than ttie light intensity at tfie proxi- 
mal end of tfie protrusion 65. That is. a state equivalent 
to tfie state in which tfie light is directed only to tfie distal 
end of tfie photosensitive layer 88 is created, so tfiat tfie 
distal end of the photosensitive layer 88 is exposed witfi 
so tfie evanescent light and a light-exposed portion 88a is 
formed at the distal end of the photosensitive layer 88. 

For such light exposure, the distal end of tfie protru- 
sion 65 needs to approach to tfie surface of the prism 
257 witti precision not coarser tfian the wavelength of 
55 tfie laser light beam 258. To tfiis end. in tfie present light 
exposure step, an atomic force microscope constf-ucted 
as shown in Fig.64 is used for controlling the position 
between the optical fiber 245 and the prism 257. 

That is, the atomic force microscope is configured 
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for detecting the atomic force acting between the sur- 
face of the prism 257 and the optical fiber 245 oscillated 
with the number of Its natural oscillations for measuring 
the distance between the foremost part of the optical 
fiber 245. and the prism 257, and includes a deviation 
detector for detecting the amplitude of the csciilaticns of 
the optical fiber 245 derived from the interatomic force, 
a driving unit for moving the optical fiber 245 and the 
prism 257 and a controller for controlling the driving unit 
in response to the amplitude of oscillations of the optical 
fiber 245 as detected by the deviation detector. 

The deviation detector collimate the laser light gen- 
erated by a laser diode 260 by a lens 261 to form a 
deflection detection beam which is reflected by a mirror 
262 so as to be radiated on a lateral surface of the opti- 
cal fiber 245. The deflection detection light scattered by 
the optical fiber 245 is received by a photodiode 264 via 
a slit 263 provided facing the mirror 262. An output of 
the photodiode 264 is amplified by an amplifier 265 so 
as to be detected by a lock-in amplifier 266. 

If, when the optical fiber oscillated with the number 
of natural vibrations by a piezoelectric element or the 
like, is caused to approach to the surface of the prism 
257, the distance between the foremost part of the opti- 
cal fiber 245 and the surface of the prism 257 becomes 
shorter than about 10 nm. The atomic force then acts in 
response to the distance between the foremost part of 
the optical fiber and the surface of the prism 257 thus 
decreasing the amplitude of the 0F>tical fiber 257. The 
amplitude of the optical fiber 245 is decreased abruptly 
when the distance between the foremost part of the 
optical fiber 245 and the surface of the prism 257 
becomes not larger than 10 nm, as shown for example 
in Fig.65. 

If the amplitude of the optical fiber 245 Is varied in 
this manner, the amplitude of the output of the photodi- 
ode 264 is changed. The lock-in amplifier 66 detects the 
amplitude of the output of the photodiode 264 supplied 
via amplifier 265 to find the amplitude of the optical fiber 
245 to detect the distance between the optical fiber 245 
and the surlace of the prism 257. 

The controller 267 controls the operation of the driv- 
ing unit based on the distance between the optical fiber 
245 and the surface of the prism 257 as detected by the 
deflection detector The driving unit has a PZT driver 
268 for driving a PZT 269a secured to the optical fiber 
245 and a PZT 269b secured to the prism 257 under 
control by the controller 267. This drives the PZTs 269a 
and 263b depending on the distance between the opti- 
cal fiber 245 and the surface of the prism 257 as 
detected by the deflection detector for maintaining dis- 
tance between the optical fiber 245 and the surface of 
the prism 257 at a value of the order of the wavelength 
of the laser light beam. Since the optical fiber 245 needs 
to be dismounted after the end of light exposure, it is 
secured by a magnet ml attached to the optical fiber 
245 to a magnet m2 provided on the PZT 269a. Since 
the optical fiber 245 is secured In this manner by the 
magnets m1 and m2, the optical fiber 245 can be 



exchanged easily. 

If, in such state, the laser light beam 258 generated 
by a laser light source 270 is reflected by a mirror 271 
and incident on the prism 257 via a shutter 272, the eva- 

5 nascent light field 259 is generated on the surface of the 
prism 257 as described above for forming the light- 
exposed portion 88a on the distal end of the photosen- 
sitive layer 88. 

Next, in the light exposed portion forming step, the 

10 light-exposed portion 88a of the photosensitive layer 88. 
obtained by the above light exposure step, is removed 
for forming an exposed portion 89 on the distal end of 
the photosensitive layer 88. That is, on developing the 
photoresist forming the photosensitive layer 88 with a 

15 developing solution composed of an organic alkaline 
solution, the light-exposed portion 88a is removed to 
from the light-exposed portion 89 as shown in Fig. 67. 
The exposed portion 89 is the portion of the light-shield- 
ing coating layer 66 exposed from the photosensitive 

20 layer 88. Fig.67 shows the shape resulting from etching 
for 78 minutes using an etching solution of a buffered 
hydrogen fluoride solution having a ratio of the aqueous 
solution of ammonium fluoride to hydrofluoric acid to 
water of 1 .7 ; 1 : 1 , coating in the first etching step, etch- 

25 Ing for 120 minutes using an etching solution of a buff- 
ered hydrogen fluoride solution having the ratio of the 
aqueous solution of ammonium fluoride to hydrofluoric 
acid to water of 10 : 1 : 1 in the second etching step, 
gold coating to a thickness of 200 nm for forming a pho- 

30 toresist layer, light exposure for 0.125 second, with the 
laser power incident on the prism 257 set to 0.25 mW. 
and development for 30 seconds. 

Next, in the aperture forming step, the optical fiber 
245, on which the exposed portion 89 has been formed 

35 in the above exposed portion firming step, is etched for 
forming the aperture 87 which is the distal end of the 
protrusion 65 exposed from the light-shielding coating 
layer 66. Specifically, the gold constituting the light- 
shielding coating layer 66 is etched using an aqueous 

40 solution of potassium iodide KI-I2 or an aqueous solu- 
tion of potassium cyanide. Since the photoresist of the 
photosensitive layer 88 is corrosion-resistant against 
the aqueous solution of KI-I2. while the gold of the tight- 
shielding coating layer 66 Is dissolved in the aqueous 

45 solution of KI-I2. the light-shielding coating layer 66 
exposed form the exposed portion 89 is selectively 
etched for forming the aperture 87 which is the distal 
end of the protrusion 65 exposed from the light-shield- 
ing coating layer 66. 

so As in the aperture forming step of the twenty-third 
embodiment, the etching solution that can be used in 
the aperture forming step can be a solution of halogens, 
such as aqua regia, iodine or bromine, provided that 
such etching solution can etch the light-shielding coat- 

55 ing layer 66 without etching the photosensitive layer 88. 
Alternatively, dry etching such as plasma etching can be 
used, or the light-shielding coating layer 66 exposed 
from the exposed portion 89 in the aperture forming 
step may be selectively etched for forming the aperture 
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Finally, in the photosensitive layer removing step, 
the photosensitive layer 88 on {he surfecs of the optical 
fiber 245 is removed for forming the optical fiber 80 
arranged as shown in Fig. 14. The diameter of the aper- 
ture 87 of the optical fiber 80 is on the order of 50 nm as 
shown in a microscopic photograph of the foremost part 
of the optical fiber 80 shown in Fig. 15. 

The optical fiber 80 shown in Fig. 14 is produced by 
employing an optical fiber having the core 12 in which 
Ge02 is added with a density distribution. The optical 
fiber 245. having the cone angle at the protrusion 85 of 
20* and coated with gold to approximately 200 nm, Is 
etched or 10 minuets using, as an etching solution, an 
aqueous solution obtained by diluting the aqueous solu- 
tion of KI-I2 by a dilution ratio of 50. The aqueous solu- 
tion of KI-I2 used has the Kl : Ig : water ratio of 20 : 1 : 
400. The photosensitive layer 88 may also be left on the 
surface of the light-shielding coating layer 66 by not per- 
forming the step of removing the photosensitive layer 
88. 

In the present optical fiber producing method 
according to the thirtieth embodiment of the present 
invention, since only the distal end of the photosensitive 
layer 88 is exposed to light using the evanescent light in 
the light exposure step, a minor area can be etched as 
compared to the case of using the usual light for light 
exposure. In addition, with the present optical fiber pro- 
ducing method, the exposed photosensitive material is 
removed for forming the exposed portion 89, after which 
the light-shielding coating layer 66 of the protrusion 65 
Is etched for selectively etching the light-shielding coat- 
ing layer 66 exposed from the exposed portion 89. thus 
enabling the minute-sized aperture 87 to be formed 
easily for facilitating the production of the optical fiber for 
reducing the production cost. 

Meanwhile, in the formation of the aperture in the 
above-described twenty-eighth embodiment, since the 
light-shielding coating layer 66 on the distal end of the 
protrusion 65, exposed by surface tension of the solvent 
obtained on dissolving the synthetic resin, is etched for 
forming the aperture 68. only the optical fiber having the 
reduced-diameter portion 64 at the proximal end of the 
protrusion 65 can be processed. Conversely, with the 
present thirtieth embodiment, since the portion of the 
light-shielding coating layer 66 exposed from the 
exposed portion 89 obtained on removing the light- 
exposed portion 88a of the photosensitive layer 88 can 
be selectively etched, the aperture can be formed not 
only on the optical fiber 245 shaped as shown in Fig.53c 
but also on the foremost part of the optical fiber having 
the tip 14 sharpened from the outer rim of the cladding 
to the center of the core 1 2. 

In the optical fiber producing method according to a 
thirty-first embodiment of the present invention, an opti- 
cal f ber in which the corrosion-resistant coating layer 67 
or the photosensitive layer 88 Is left on the optical fiber 
surface as shown in Fig. 14 is formed by the first and 
second etching st^s, coating step, photosensitive layer 



forming step, light exposure step, exposed portion form- 
ing step and the aperture forming step similar to those 
of tile twenty-nintii or thirtieth embodiments described 
above. 

5 Next, in the pit forming step, the protrusion 65 
exposed via the aperture 87 formed up to the aperture 
forming step is etched with a buffered hydrogen fluoride 
solution, as shown in Fig.68. At tiiis time, the gold of the 
light-shielding coating layer 66 is not etched with the 
10 buffered hydrogen fluoride solution, such that a distal 
end 55a of tine protrusion 65 is receded from the fore- 
most part of the light-shielding coating layer 66 to form 
a pit 93. An aperture 91 is formed at the distal end of the 
pit 93. 

IS Although the photosensitive layer 88 need not nec- 
essarily be left in the pit forming step, the photosensitive 
layer 88 is not removed in performing the etching for 
forming the pit because the etching solution is intruded 
via a cracK if any. present in the light-shielding coating 
20 layer 66 formed by the coating step. 

Next, a substance whose optical properties are 
changed in response to the sun-ounding environment, 
such as dye or reagent, is deposited on the pit 93 
formed in tiie pit forming step. Specifically, the foremost 
25 part of the optical fiber is dipped in a solvent impreg- 
nated with the dye for depositing the solvent in the pit 
93. after which the solvent on the surface of the photo- 
sensitive layer 88 is removed. This deposits ihe sub- 
stance 92. such as dye, in the pit 93. The photosensitive 
30 layer 88 on the surface of the light-shielding coating 
layer 66 is removed to complete an optical fiber 90 
shaped as shown in Fig. 1 6. 

Alternatively, a substance composed of a dye or a 
solvent doped with a dye may be deposited after 
35 removal of the photosensitive layer 88 on the surface of 
the light-shielding coating layer 66 for forming the opti- 
cal fiber 90 having the substance 92 such as the dye 
d^sited in the pit 93. 

Thus, witfi the present optical fiber prcxiucing 
40 metiiod of the present invention, the substance for 
detecting the surrounding environment may be depos- 
ited in the pit 93 formed by recessing the core of the pro- 
ti-usion from tiie light-shielding coating layer 66 for 
produdng the optical fiber having improved durability 
45 In addition, since the diameter of the aperture 91 of 
the optical fiber 90 is 50 nm. as mentioned above, it is 
possible with tiie present optical fiber producing method 
to produce the optical fiber having improved spatial res- 
olution. 

so The optical fiber producing method according to a 
tiiirty-second embodiment of the present invention 
includes a step of forming a tip comprised of a tapered 
core 12 and a tapered cladding 13 by pulling the core 12 
formed of quartz SiOg doped with germanium dioxide 
55 GeOa and the cladding 13 formed of quartz SiOg in the 
heated state, and an etching step of etching the tip for 
forming the protrusion which is the sharpened portion of 
the core 12 extended from the end of tiie tip. 

First, in the tip forming step; a miaopipet puller is 
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used for extending the optical fiber 1 1 under heating as 
shown in Fig.71 A for reducing the diameters of the core 
12 and the cladding 13. After the optical fiber 11 has 
been stretched until the desired diameters of the core 
12 and the cladding 13 are reached, the optical fiber is 5 
cut to form the tip 104 at the end of the optical fiber 1 1 . 
The tip 1 04 is formed by the core 1 2 and the ciadding 1 3 
both of which are tapered as shown in Fig.71 B. 

Then, at the etching step, the tip 104 is etched, 
using the etching solution having a volume ratio of the 10 
aqueous solution of ammonium fluoride to hydrofluoric 
acid to water of X : 1 : Y, where Y is arbitrary, with the 
volume ratio of the aqueous solution of ammonium fluo- 
ride being on the order of 10. 

If the optical fiber 1 1 of the above composition is is 
etched using such etching solution, the core 13 at the 
foremost part of the tip 104 is first etched because the 
etching rate of the cladding 13 is faster than that of the 
core 12 as in the twenty-eighth embodiment described 
above. In this manner, a protrusion 105 which is the 20 
conically sharpened end portion of the core 12, is 
extended from the cladding 13 at the foremost part of 
the tip 104, as shown in Fig. 17. 

Similarly to the twenty-third embodiment, described 
above, the present optical fiber has the increased den- 25 
sity of germanium dioxide at the center of the core 12, 
so that the protrusion 105 is sharpened depending on 
the distribution of germanium dioxide GeOs thus assur- 
ing a conical shape having improved symmetry. 

Thus, with the present optical fiber producing 30 
method, the protrusion 105 which is the conically sharp- 
ened end portion of the core 12 protruded from the fore- 
most part of the cladding 13 can be formed easily at the 
foremost part of the tip 104 comprised of the tapered 
core 12 and the tapered cladding 13. 3S 

With the method for producing the optical fiber 
according to a thirty-third embodiment of the present 
invention, the tip 104 is formed at an end of the optical 
fiber 1 1, as shown in Fig.71 6, by the processing similar 
to that of the tip forming step of the above-described 40 
thirty-second embodiment. 

The foremost part of the tip 104 thus formed is then 
etched with hydrofluoric acid. In hydrofluoric acid, since 
the etching rate of the core 12 is faster than that of the 
cladding 13, the core 12 is first etched for forming a 45 
recess 106. as shown in Fig. 72. 

The tip 1 04 is then etched by an etching step similar 
to that of the thirty-third embodiment described above. If 
etching is continued for a time longer than the etching 
time of the thirty-second embodiment the core 12 is so 
protruded from the portion of the cladding 1 3 at the fore- 
most part of the tip 104, as in the thirty-second embod- 
iment, for forming the protrusion 105 which is the 
conically sharpened end portion of the protruded core 
12. 55 

In a method for producing an optical fiber according 
to a thirty-fourth embodiment of the present invention, 
processing similar to that of the thirty-second embodi- 
ment or the thirty-third embodiment is first carried out 
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for forming the optical fiber 100 shaped as shown in 
Fig. 17. 

The surface of the protrusion 1 05 of the optical fiber 
100, thus formed, is coated in a similar manner to that of 
the twenty-ninth embodiment or the thirtieth embodi- 
ment, for forming a light-shielding coating layer 116. in 
addition, the processing similar to that of the twenty- 
ninth embodiment or the thirtieth embodiment, for form- 
ing an aperture 1 1 7 which is the distal end of the protru- 
sion 105 exposed from the light-shielding coating layer 
116. This completes the optical fiber 110 shaped as 
shown in Rg.18. 

In a method for producing an optical fiber according 
to a thirty-fifth embodiment of the present invention, 
etching similar to that of the first and second etching 
step>s of the twenty-eighth embodiment is first carried 
out for forming the reduced-diameter portion 64 and the 
protrusion 65 as shown in Fig.53C. 

The optical fiber thus provided with the protrusion 
65 is etched using, as an etching solution, the above- 
mentioned buffered hydrogen fluoride solution with the 
water volume ratio Y (Y : 30 or higher). Specifically, the 
optical fiber is etched in the second etching step for 
about 20 minutes, using an etching solution of a buff- 
ered hydrogen fluoride solution having the ammonium 
fluoride volume ratio X of 10, for forming the protrusion 
65. The optical fiber 11 is further etched for about 15 
minuets using, as an etching solution, a buffered hydro- 
gen fluoride solution having the ammonium fluoride vol- 
ume ratio X of 10 and the water volume ratio Y of 30. 

By employing such etching solution for etching, the 
surface of the protrusion 65 is etched first and thus 
reduced in diameter because the etching rate for the 
core 12 is substantially equal to that for the cladding 13 
and. with lapse of the etching time, the length L of the 
protrusion 65 (tip length) is decreased, while the core 
angle 0 is increased, until a protrusion 125 having the 
cone angle 6 which becomes smaller towards the distal 
end is formed, as shown in Fig.73. The tip length L and 
the end cone arigle e are 2.1 ^m and 28**, respectively, 
as shown in an enlarged view for the protrusion 125 in 
Fig.74. 

The relation between the tip length L and the end 
cone angle e for the protrusion 125 thus etched and the 
protrusion 65 formed by the first and second etching 
steps of the twenty-eighth embodiment was checked. 
This it was found that the tip length L of the protrusion 
125 for the same cone angle 6 is smaller, as shown in 
Fig.77. In Fig.77, black circle dots specify the protru- 
sion, while square points specify the protrusion 65. That 
is, it is possible with the present optical f ber producing 
method to reduce the tip length L. 

Finally, the light-shielding coating layer 1 16 and the 
aperture 1 27 similar to those of the twenty-ninth embod- 
iment or the thirtieth embodiment are formed on the sur- 
face of the protrusion 125. This completes the optical 
fiber 120 shaped as shown in Fig. 21. 

Also, in the second etching step, the optical fiber is 
etched for about 15 minutes, using an etching solution 
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of a buffered hydrogen fluoride solution having the 
ammonium fluoride volume ratio X of 10, for forming the 
protrusion 65. The optica! fiber 1 1 is further etched for 
about 15 minuets using, as an etching solution, a buff- 
ered hydrogen fluoride solution having the ammonium 
fluoride volume ratio X of 10 and the water vciume ratio 
Y of 30. In such case, the tip length L and the end cone 
angle e are 1.52 jim and 36.5°, respectively, as shown 
in Fig. 75. Since the etching rate for the core 12 in the 
buffered hydrogen fluoride solution having the ammo- 
nium fluoride volume ratio X of 10 and the water volume 
ratio Y of 30 is slightly faster than that for the cladding, 
the proximal end of the protrusion 125 is slightly 
recessed from the foremost part of the cladding 13. 

In a method for producing an optical fiber according 
to a thirty-sixth embodiment of the present invention, an 
optical ftoer 131 having a core 132 protruded from the 
end of the cladding 133 is formed by etching an end of 
the optical ftoer 131 composed of a muHi mode ftoer 
having a specific refractive index difference An of 1% 
and a graded index type refractive index distribution 
having gradually changing refractive index distribution, 
as shown in Fig.78B, for forming the protrusion 134 
which is a conically sharpened portion of the core 132 
protruded from an end of the cladding 133. This multi 
mode optical fiber has a cladding diameter do of approx- 
imately 250 nm and a core diameter d^ of approximately 
50 Jim 

Specifically, the optical fiber is etched for 17 hours 
using an etching solution of a buffered hydrogen fluoride 
solution having a ratio of the aqueous solution of ammo- 
nium fluoride to hydrofluoric acid to water of 10 : 1 : 1 for 
forming the protrusion 1 34 having the cone angle of 50^ 
and the end radius of curvature of approximately 5 nm. 
as shown in Fig.24. For carrying out such etching, it is 35 
necessary for the diameter ratio of the core 132 to the 
cladding 133 to be not less than 1 ; 5. 

Before carrying out such etching, a reduced-diame- 
ter portion may be formed by decreasing the diameter of 
the cladding 1 33 in a buffered hydrogen fluoride solution 40 
having a ratio of the aqueous solution of ammonium flu- 
oride to hydrofluoric acid to water of 1 .7 : 1 : 1 . 

The surface of the protrusion 134 is then coated in 
a manner similar to the twenty-ninth embodiment or the 
thirtieth embodiment for forming the light-shielding coat- 45 
ing layer 135. The aperture forming step is then can-ied 
out as in tile twenty-ninth embodiment or the thirtieth 
embodiment for forming an aperture 136 which is the 
distal end of the proti-usion 134 exposed from the light- 
shielding coating layer 135. Thus, the optical fiber 130 so 
shaped as shown in Rg.22 is formed, using a multi 
mode fiber. 

Twenty samples each were prepared by etching 
three sorte of optical fibers with different core diameters 
and different refractive index distributions as shown in 5s 
^■lg.79 in a manner similar to the second etching step of 
the twenty-eighth embodiment. It was found that the dis- 
tal ends of tiie protrusions thus formed differed in diam- 
eter distribution, as shown In Figs.80 to 82. 
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That Is, if an optical fiber having the diameter of the 
core 12 of 4 fim and the refractive index disti-ibution of 
the core 12 and the cladding 13 of a step index type as 
shown in Fig.79A is used, the diameter of the distal end 
5 of the proti-usion is distributed about 10 to 25 nm as 
center, as shown in Fig.S0. 

If an optical fiber having tiie diameter of the core 12 
of 8 to 9 Jim and the refractive index distribution of the 
core 12 and the cladding 13 of a step index type as 
0 shown in Fig.79B is used, the diameter of the distal end 
of the proti-usion is distributed about 10 to 15 nm as 
center, as shown in Fig.81. However, the distribution 
showed variations larger than those shown in Rg.81 . 
If an optical fiber used has the diameter of tiie core 
5 1 2 of 1 4 nm, tiie refractive index distribution of the core 
12 and the cladding 13 is of a step index type and the 
refractive index distribution in a range of 4 p.m at the 
center of tiie core 12 is of the graded index type, as 
shown in Fig.79C, the diameter of the distal end of the 
► proti-usion is distributed about 5 nm as center, as shown 
in Fig.81 , with less variations than in Figs.80 and 81 . 

It is seen from these results that the smaller the 
diameter of the core 12. tiie less are variations of the 
diameter of tiie distal end of the proti-usion, and that. If 
the specific refractive index difference distribution is of 
tiie graded index type, the diameter of the distal end of 
tiie proti-usion becomes smaller tiius reducing the varia- 
tions. 

A method for producing an optical fiber according to 
a thirty-seventfi embodiment of the present invention 
includes a diffusion step of gradually diffusing a dopant 
in tiie core 12 of the optical fiber 1 1 into the cladding 13 
for equivaiently increasing the diameter of tfie core 12 
for forming a core diameter increased portion 144 and 
an etching step of etching an end of the optical fiber 1 1 
provided with the core diameter increased portion 1 44 
for forming a proti-usion comprised of tiie portion of the 
core 12 protruded from the cladding 13. 

FHrst. in the diffusion step, a portion of tiie optical 
ftoer 1 1 is heated, as it is rotated, as shown in Fig.83A. 
This diffuses the dopant added to the core 12 into the 
cladding 13 for equivalentiy increasing the diameter of 
the core 1 2 for forming tiie core diameter increased por- 
tion 144. In tiie core diameter increased portion 144, the 
dopant density is decreased gradually from the center 
towards the periphery of the core 12. If an end of the 
optical fiber 1 1 is contacted with a heating element for 
heating the optical ftoer in its longitudinal direction, 
instead of rotating and heating it, the core diameter 
increased portion 144 can be increased further in diam- 
eter. 

The optical fiber is cut at a position con-esponding 
to the maximum diameter of the core 12 of the core 
diameter increased portion 144 for forming an end 148 
shown in Rg.SSB. The end 148 is etched in a buffered 
hydrogen fluoride solution having a ratio of the aqueous 
solution of ammonium fluoride to hydrofluoric add to 
water of 1 0 : 1 : 1 . Since the etching rate for the dadding 
1 3 is faster in such buffered hydrogen fluoride solution 
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than that for the core 12, the cladding is etched first so 
that the core 12 of the core diameter increased portion 
144 is protruded from the cladding 13. The core pro- 
truded from the cladding 13 is etched from its lateral 
side so that the foremost part of the core 12 is conically 5 
sharpened for forming the protrusion 145. 

Also, since the dopant density In the core diameter 
center towards the periphery of the corner 12, etcing 
rate becomes slightly faster at the periphery than at the 
center of the protruded core 12, thus diminishing the 10 
radius of curvature of the distal end of the protrusion 
145. 

The surface of the protrusion 145 thus formed is 
coated as in the twenty-ninth embodiment or the thirti- 
eth embodiment for forming the light-shielding coating is 
layer 146. The aperture forming step similar to that of 
the twenty-ninth embodiment or the thirtieth embodi- 
ment ts carried out for forming an aperture 147 com- 
prised of the distal end of the protrusion 145 exposed 
from the light-shielding coating layer 146 for completing so 
an optical fiber 140 shaped as shown In Fig.27. 

In a method for producing an optical fiber according 
to a thirty-eighth embodiment of the present invention, 
the processing similar to that of the first and second 
etching steps of the twenty-eighth embodiment is car- 25 
rled out for producing the optical fiber 245 having the 
reduced-diameter portion 64 which is the reduced diam- 
eter portion of the core 12 of Fig.53C and a protrusion 
65. 

The coating similar to that performed in the second 30 
coating step of the twenty-eighth embodiment is then 
carried out for forming a hydrophobic coating layer of 
resin on the surface of the protrusion 65 and the aper- 
ture comprised of the core 12 at the distal end of the 
protrusion 65 exposed from the hydrophobic coating 3s 
layer. 

The protrusion 65 of the optical fiber 245, thus 
formed, is dipped in an H2SIF5 solution which is in a sat- 
urated state due to dissolution of an excess amount of 
quartz SI02- Such quartz Si02 In the H2SiF6 solution is 4o 
ready to be deposited on the surface of a hydrophillc 
substance, such as quartz, while It is not ready to be 
deposited on the surface of a hydrophobic substance, 
such as resin. Consequently, quartz Si02 is not depos- 
ited on the surface of the protrusion, while quartz Si02 45 
is deposited on the surface of the core 12 in the 
exposed aperture for forming a quartz coating layer 

By previously mixing the dye in the above H2SiF6 
solution, a coating layer 157 of quartz doped with the 
dye is formed on the surface of the aperture, which Is so 
the distal end of the protrusion 155 exposed from the 
coating layer 156. thus providing the optical fiber 150 
arranged as shown in Figs.28 and 29. By forming the 
coating layer 157 of. for example, quartz, doped with the 
dye. it becomes possible to Improve the peeling ss 
strength of the dye for producing an optical fiber with 
improved durability. 

By mixing a substance whose optical properties are 
varied depending on the surrounding environment such 



as pH, into the H2SiF6 solution In place of the dye. it 
becomes possible to form the coating layer 157 contain- 
ing these substances. 

In a method for producing an optical fiber according 
to a thirtyrninth embodiment of the present invention, 
the processing similar to tiiat of the first and second 
etching steps and the aperture forming step of the 
twenty-eighth embodiment is carried out for producing 
the optical fiber 60 shaped as shown in Fig. 12. 

The resulting optical fiber 60 is then dipped in the 
H2SiF6 solution doped with the dye as in the thirty- 
eighth embodiment described above. Thus, quartz Si02 
is deposited in the H2SiF6 solution on the surface of the 
core 12 exposed from the aperture 68 for completing 
the optical fiber 160 provided with a coating layer of, for 
example, quartz doped with the dye. 

In a method for producing an optical fiber according 
to a fortieth embodiment of the present Invention, the 
double-core optical fiber 171 having two sorts of cores 
172, 173 with different refractive index values and the 
cladding 174 is etched to form the optical fiber 170 
shown in Fig. 31 . 

With the optical fiber 171, the cladding 174 Is 
formed of pure quartz, while tiie cores 172, 173 are 
formed of quartz doped with germanium dioxide. The 
germanium dioxide doping ratios for the cores 172. 173 
are 0.9 mol% and 0.2 mol%. with the inner core 172 
being higher In the germanium dioxide doping ratio. 

Such optical fiber 1 71 is etched for about ten hours 
In a buffered hydrogen fluoride solution having a ratio of 
the aqueous solution of ammonium fluoride to 
hydrofluoric acid to water of 10 : 1 : 1 . Since the etching 
rate for the cladding 1 74 is faster in such buffered hydro- 
gen fluoride solution than that of the core 1 73. the clad- 
ding Is etched first, as shown in Fig.85, so that the core 
173 Is gradually exposed from the cladding 174. The 
exposed core 1 73 is also etched from its lateral side and 
sharpened for forming the tapered portion 176. 

Also, since the etching rate for the core 1 73 in such 
buffered hydrogen fluoride solution is faster than that for 
the core 172, the core 173 is etched first at the distal 
end of the tapered portion 176 so that the core 172 is 
exposed gradually from the core 1 73. The core 1 72 thus 
exposed is etched from lateral sides and sharpened for 
forming the protrusion 1 77. 

If etching is performed In a buffered hydrogen fluo- 
ride solution having the ammonium fluoride ratio X of 
10, the cone angle 63 of tiie tapered portion 176 is 
determined depending on the etching rate ratio between 
the core 1 73 and thef cladding 1 74, as in the fourth etch- 
ing step of the above-described twenty-third embodi- 
ment, such that tiie cone angle 63 may be represented 
by 

sn(e3/2) = R2/R3 

where R^, R2 and R3 denote the etching rates of the 
cores 172, 173 and the cladding 173 in the above- 
described buffered hydrogen fluoride solution, respec- 
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lively. The cone angle of the protrusion 1 77 is deter- 
mined by the ratio of the etching rate for the core 1 72 to 
that for the core 1 73. as in the fourth etching step of the 
above-described twenty-third embodiment, and is 
related by the equation 



sin(ei/2) = R^/Rg 

where is the etching rate for the core 1 72. 

Although the ratio X of ammonium fluoride in the 
buffered hydrogen fluoride solution is set to 10 in the 
above description, since the etching rates Ri and Rg for 
the cores 1 72. 1 73 and the etching rate R3 for the clad- 
ding 1 74 become equal for the ratio X of 1.7. the diam- 
eter of the cladding 1 74 can be controlled by carrying 
out etching using the buffered hydrogen fluoride solu- 
tion having the ratio X of ammonium fluoride of 1 .7. The 
protrusion 1 77 can be formed by employing the buffered 
hydrogen fluoride solution having the ratio X of ammo- 
nium fluoride larger than 1.7. 

The above etching rates R^, and R3 are varied 
depending on the rates of germanium dioxide added to 
quartz. Since the refractive index is changed with the 
ratio of germanium dioxide, the above sin(e3/2) and 
sin(e^/2) are varied depending on the specific refrac- 
tive index difference Ang between the core 1 73 and the 
cladding 1 74 and the specific refractive index difference 
Ani between the core 172 and the core 173. as shown 
in Fig.41. 

Thus, by using the double-core optical fiber 171 as 
described above in the optical fiber producing method, 
the foremost part of the optical fiber 1 71 can be sharp- 
ened based on the etching rate difference between the 
cladding 174 and the cores 172. 173. Since the optical 
fiber 1 70 shown in Fig.31 can be formed by one or two 
etching operations, the optical fiber can be produced 
more easily. 

In the present optical fiber producing method, the 
cone angle 63 of the tapered portion 1 76 and the cone 
angle of the protrusion 177 can be controlled by 
adjusting the ratio of the germanium dioxide added to 
the cores 172, 173. 

In the above-described twenty-third embodiment, 
the tapered portion 221 shown in Fig.38B is formed by 
taking advantage of the phenomenon In which the 
height of the meniscus is decreased depending on the 
diameter of the optical fiber. However, the state of the 
interface is susceptible to external vibrations, so that 
problems are raised in connection with etching stability 
and reproducibility of the cone angle 82 of the tapered 
portion 221. 

With the optical fiber producing method, the cone 
angle 63 of the tapered portion 176 is determined 
depending on the etching rate ratio between the clad- 
ding 1 74 and the core 173. so that it becomes possible 
to improve etching stability and stability of the cone 
angle 63. 

With a method for producing an optical fiber accord- 
ing to a forty-first embodiment of the present invention. 



a double-clad optical fiber comprised of a core formed 
of quartz doped with germanium dioxide, a first cladding 
of quartz covering the core and a second cladding 
doped with fluorine or boron, covering the first cladding. 
5 is etched for producing an optical fiber shaped as 
shown in Rg.31. 

If the double-cladding optical fiber, in which the 
cladding is doped with fluorine or boron and the center 
core Is doped with germanium dioxide, is etched with a 
w buffered hydrogen fluoride solution having the ammo- 
nium fluoride ratio X of 0. the etching rate for the core 
172 becomes faster than that for the core 172, so that 
the recess 179 receded from the core 173 at the fore- 
most part of the tapered portion 176 is formed, as 
15 shown in Rg.86A. 

If such optical fiber is etched with a buffered hydro- 
gen fluoride solution having the ammonium fluoride 
ratio X of 1 .7. the etching rate for the core 1 72 becomes 
equal to that for the core 1 73. so that the end faces of 
20 the core 1 72 and the core 1 73 on the foremost part of 
the tapered portion 176 can be made flush with each 
other as shown in Fig.86B. 

If such optical fiber is etched with a buffered hydro- 
gen fluoride solution having the ammonium fluoride 
ss ratio X of 10. the etching rate for the core 1 73 becomes 
equal to that for the core 172. so that the core 172 on 
the foremost part of the tapered portion 176 is sharp- 
ened to form the protrusion 1 77. 

Thus, with the present optical fiber producing 
30 method, the tapered portion and the flattened portion 
are formed at an end of the optical fiber as shown in 
Fjg,86B. Specifically the end 250 of the optical fiber 251 
is etched with a buffered hydrogen fluoride solution hav- 
ing the ammonium fluoride ratfo X of 1,7. as shown in 
35 Fig.86B. 

In such buffered hydrogen fluoride solution, the 
etching rate of the outermost cladding 254 doped' with 
fluorine or boron is faster than that for the cladding 253 
of quartz or that for the core 252 doped with germanium 
40 dioxide, the cladding 253 is protruded from the cladding 

254 with progress in etching. Since the cladding 252 is 
also etched from the lateral side, it is sharpened as 
shown by a broken line in Fig.87. The cone angle 83 is 
determined in response to the ratio of the etching rate 

45 for the cladding 254 to that for the cladding 253. 

Thus, the foremost part of the cladding 253 is 
sharpened portion 256 in which the core 252 and the 
cladding 253 at the foremost part of the tapered portion 

255 becomes flush with each other. 
50 If the etching time at the first etching step is pro- 

fonged, the flattened part 256 is further etched and 
sharpened. For etching in the next following second 
etching step, the cladding 254 needs to be etched com- 
pletely. Thus the diameter of the cladding 254 is prefer- 
55 ably diminished to such an extent that the cladding 254 
is completely etched in the first etching. That is, with the 
etching rate R3 of the cladding 254. and with the etching 
time ti until the tapered portion 255 is formed with the 
exception of the flat portion 256. it is sufficient if the 
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thickness 63 of the cladding 254 is such that 63 ^ Riti . 

Next* in the second etching step, the optical fiber 
provided with the tapered portion 255 and the flat por- 
tion 256 as described above is etched with a buffered 
hydrogen fluoride solution having the ammonium fluo- s 
ride ratio X larger than 1.7, such as 10. 

In such buffered hydrogen fluoride, since the etch- 
ing rate for the core 252 is slower than that of the core 
252. the core 252 is protruded gradually from the clad- 
ding 253 as the etching proceeds. The core 252 thus 10 
protruded is etched also from the lateral side and sharp- 
ened so that a protrusion 1 77 contiguous to the tapered 
portion 176 is formed, as indicated by a broken line in 
Fig. 88. as in the fortieth embodiment described above. 

The cone angle 61 of the protrusion 177 is deter- is 
mined in response to the etching rate for the cladding 
253 and the core 252 as in the fortieth embodiment 
described above. " 

Specif icaily. if the double-clad optical fiber is etched 
with the buffered hydrogen fluoride solution having a 20 
ratio of the aqueous solution of ammonium fluoride to 
hydrofluoric acid to water of 10 : 1 : 1, the value of 
sin(e ^/2) , denoting the ratio of the etching rate for the 
core 252 to that of the core 253. is on the order of 0.63 
and 0.87 for the specific refractive index difiference An of 25 
0.2% and 0.7%. respectively, as irxiicated by square- 
shaped dots in Fig. 41. 

With the present optical fiber producing method, 
since the cone angle 63 of the tapered portion 1 76 is 
determined in response to the ratio of the etching rate 3o 
for the cladding 254 to that for the core 253, it becomes 
possible to improve etching stability and stability of the 
cone angle 63. 

With a method for producing the optical itoer 
according to a forty-second embodiment of the present 35 
Invention, a double-clad optical fiber similar to one 
according to the forty-first embodiment as described 
above, is etched for sharpening. 

First, in the first etching step, a double-clad optical 
fiber has its one end etched using a buffered hydrogen 40 
fluoride solution having the ammonium fluoride ratio X 
larger than 1 .7, such as the ratio X equal to 10. 

In such buffered hydrogen fluoride solution, the 
etching rate for the cladding 253 is faster than that for 
the cladding 254, while the etching rate for the core 252 45 
is faster than that for the cladding 253. 

Thus, if etching is performed in such buffered 
hydrogen fluoride solution, the cladding 253 is gradually 
protruded from the cladding 254, while the cladding 
exposed from the cladding 254 Is etched from Its lateral so 
side to form the tapered portion 255. as shown in 
Fig. 89. On the other hand, the core 252 is protruded 
from the foremost part of the cladding 253 of the 
tapered portion 255 and the protruded core 252 is 
etched from its lateral side to form the protrusion 257 ss 
sharpened with a cone angle 9^ . 

Next, in the second etching step, such optical fiber 
Is etched in a buffered hydrogen fluoride solution having 
the ammonium fluoride ratio X larger than 1 .7. since the 



protrusion 257 which is the protruded portion of the core 
252 is formed at the foremost part of the tip 255, in dis- 
tinction from tiie second etching step of the above- 
described forty-first embodiment described above, the 
protrusion 257 is etched from the lateral side while the 
cere 252 at the prcxima! end of the protrusson 255 ss 
etched from the iaterai side, thus generating the protru- 
sion 1 77 with the small cone angle . 

During this etching, the apparent etching rate for 
the cladding 253. from which is exposed the core 252 at 
the proximal end of the protrusion 257, is equal to 
1/{sln(e3)} times the actual etching rate R2 of tiie clad- 
ding 253, because the tapered portion 255 with the 
cone angle 63 has been formed. 

Therefore, if the etching rates for the core 252 and 
the claddings 253. 254 are Ri, R2 and R3, respectively, 
the cone angle 6^ is given by 

sin(ei/2) = sln(e3/2) x (R1/R2) 

=:(R2/R3)x(R,/R2) 

= R1/R3. 

The optical fiber thus shaped can also be formed by 
extending the etching time of the above-described forti- 
eth and forty-first embodiments described atsove. For 
example, etching can be carried out in the fortieth 
embodiment by setting the ratio X for ammonium fluo- 
ride to about 10. 

In a method for producing the optical fiber accord- 
ing to a forty-third ennbodlment of the present invention, 
the optical fiber 170 shaped as shown in Rg.31 is 
formed by etching similar to that of the fortieth embodi- 
ment described above. Alternatively, the optical fiber 
thus shaped may also be formed by etching similar to 
that in the forty-first and forty-second embodiments 
described above. 

The surface of the protrusion 1 77 of the optical fiber 
1 70 this formed is coated as in the twenty-ninth embod- 
iment or the thirtieth embodiment, for forming the light- 
shielding coating layer 186. In addition, the aperture 
forming step similar to that performed in the twenty- 
ninth embodiment or the thirtieth embodiment is per- 
formed for forming the aperture 189 which is the distal 
end of the protrusion 1 77 exposed from the light-shield- 
ing coating layer 186. This competes the optical fiber 
shaped as shown in Fig. 32. 

In a method for producing the optical fiber accord- 
ing to a forty-fourth embodiment of the present inven- 
tion, the optical fiber 11 shown in Rg.91A has its one 
end etched for about 85 minutes with a buffered hydro- 
gen fluoride solution having a ratio of the aqueous solu- 
tion of ammonium fluoride to hydrofluoric acid to water 
of 1.8 : 1 : 1 . Since the etching rate for the cladding 13 
in such buffered hydrogen fluoride solution is slightly 
faster than tiiat for the core 1 2, there is formed a protru- 
sion 198 which is the portion of the core proti'uded from 
the cladding 13, as shown in Fig.93B. 

Next, in tiie second etching step, the optical fiber, 
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thus provided with the protrusion 198, is etched in a 
buffered hydrogen fluoride solution having a ratio of the 
aqueous solution of ammonium fluoride to hydrogen flu- 
oride to water of 10 : 1 : 1 . Since the etching rate for the 
cladding 13 In such buffered hydrogen fluoride solution 5 
is faster than thai for the cere 12, the cladding 13 is first 
etched, as shown in Fig.92. At this time, the core 1 2 pro- 
truded from the cladding 13 is sharpened as the shape 
of the protrusion 198 is maintained, so that the protru- 
sion 194 which is the portion of the core 12 protruded 70 
from the cladding 13 and sharpened and the detection 
end 195 having an enlarged cone angle at the distal end 
of the protrusion 194. are formed, as shown in Fig.91C. 
This completes the optical fiber 1 90 shaped as shown in 
Fig.33. 

Meanwhile, when forming the aperture 197 at the 
foremost part of the detection end 195 by the second 
coating method and the aperture forming method of the 
above-described twenty-eighth embodiment, since the 
cone angle of the detection end 1 95 is larger and hence 20 
the diameter of the exposed portion of the light-shield- 
ing coating layer 186 exposed from the corrosion-resist- 
ant plating layer is difficult to control, it is difficult to 
control the diameter of the aperture 197, 

In this consideration, the processing similar to that 25 
of the second coating step and the aperture forming 
step of the twenty-eighth embodiment is performed for 
forming the first coating layer 198 shown in Fig.34. The 
second light-shielding coating layer 199 is then formed 
by vacuum evaporation on the surfaces of the detection 30 
end 195 and the protrusion 194 exposed from the first 
coating layer 198. Finally, the second light-shielding 
layer 199 is etched as in the aperture forming step of the 
twenty-third embodiment or the twenty-fourth embodi- 
ment for forming the aperture 1 97. 35 

By forming the double-layer coating layer in this 
manner, the aperture 197 having the aperture diameter 
not larger than the wavelength of the detection light can 
be formed easily 

In a method for producing an optical fiber according 40 
to a forty-fifth embocOment of the present invention, the 
processing similar to that of the first and second etching 
steps of the twenty-eighth embodiment is performed for 
forming the optical fiber 245 having the reduced-diame- 
ter portion 64 which is the reduced diameter portion of 4S 
the core 12 shown in Fig.53C and the protrusion 65. 

The distal end of the protrusion 65 is then dipped in 
a sol comprised of the alcoholic solution of a metal 
alkoxide doped with water and a catalyst. If the distal 
end of the protrusion 65 is dipped in this manner In a so 
sol, a sol layer is formed by the sol becoming attached 
to the surface of the protrusion 65. If the sol layer is 
dried, the sol is turned into a solid sol. so that the coat- 
ing layer 207 formed by the gel layer is formed. Since 
the coating layer 207 functions similarly to the cladding 55 
13. the light reflectance at a boundary between the pro- 
trusion 65 and the coating layer 207 Is increased thus 
improving the transmission efficiency 

The gel layer formed as described above may also 



be heated to form a an amorphous layer. After forming 
the gel layer as described above, the sol may be affixed 
to the protrusion 65 for laminating the gel layer. 

In a method for producing an optical fiber accorcling 
to a forty-sixth embodiment of the present inventiqn, the 
processing similar to that of the first and second etching 
steps of the twenty-eighth embodiment is performed for 
forming the optical fiber 245 having the reduced-diame- 
ter portion 64 which is the reduced diameter portion of 
the core 12 shown in Fig.53C and the protrusion 65. 

The protrusion 65 of the optical fiber 245, thus 
formed, is dipped in an HaSiFg solution which Is in a sat- 
urated state by quartz SiO^ dissolved in an excess 
amount, as in the thirty-eight embodiment described 
above. If the protrusion 65 is dipped in such solution, 
quartz Si02 in the H2SiF6 solution is deposited on the 
surface of the protrusion 65, thus forming the quartz 
coating layer 216 on the surface of tiie protrusion 65. as 
shown in Fig.93. A light-shielding material, such as 
gold, is coated on the surface of the quartz coating layer 
216. This forms the light-shielding layer 21 7 on the sur- 
face of the quartz coating layer 216. as shown In Flg.94. 

Next, tiie light-shielding coating layer 21 7 Is dipped 
in a solvent in which a synthetic resin is dissolved, and 
the solvent affixed to the surface of the light-shielding 
coating layer 21 7 is vaporized off. This forms the corro- 
sion-resistant coating layer 218 on the surface of the 
light-shielding coating layer 217. The foremost part of 
tile light-shielding coating layer 21 7 is exposed from ttie 
corrosion-resistant coating layer 218 by the solvent sur- 
face tension. 

The foremost part of light-shielding coating layer 
217 is etched and the exposed from tiie con-osion- 
resistant coating layer 218 is etched for removing the 
corrosion-resistant coating layer 218. This forms an 
exposed portion 219 which is the foremost part of the 
corrosion-resistant coating layer 218 exposed from tiie 
light-shielding coating layer 21 7. 

Finally, this exposed portion 219 is etched with a 
buffered hydrogen fluoride solution composed of the 
aqueous solution of ammonium fluoride, hydrofluoric 
acid and water, or with an aqueous solution of sodium 
hydroxide. This forms the aperture 218 by the distal end 
of tiie proti-usion 65 exposed from the quartz coating 
layer 216. thus forming tiie optical fiber 210 shaped as 
shown in Rg.37. 

In a method for producing an optical fiber accoiding 
to a forty-seventh embodiment of tfie present invention, 
tiie processing similar to ttiat of the first and second 
etching steps of tiie twenty-eighth embodiment is per- 
formed for forming the optical fiber 245 having tiie 
reduced-diameter portion 64 which is tiie reduced diam- 
eter portion of the core 12 shown in Fig.53C and tiie 
proti-usion 65. 

Then, for facilitating plating, nuclei of catalytic met- 
als, such as palladium, are adsort>ed on the surface of 
tiie proti-usion 65 for activation. Specifically tiie protru- 
sion 65 is dipped in a mixed solution of tin dichloride 
SnCl2. palladium dichloride PdClg and hydrochloric acid 
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for precipitating paiiadium on the surface of the protru- 
sion 65. 

Alternately, for activation, the protrusion 65 is 
dipped in an aqueous solution of tin dichloride SnClg. 
This causes tin to be adsorbed on the surface of the 5 
protrusion 65. The protrusion 65, from which tin has 
been precipitated as described above, is dipped in an 
aqueous solution of palladium dichloride PdCl2. This 
substitutes palladium for tin on the surface of the protru- 
sion 65. 10 

If a nickel coating layer is formed by electroless 
plating on the surface of the protrusion 65 which has 
been activated as described above, the aperture 68 
which is the distal end of the protrusion 65 exposed 
from the nickel plating layer is formed, as shown in is 
Fig.97, because the nickel coating layer is not liable to 
be formed on the distal end of the protrusion 65. 

By activating the surface of the protrusion 65 and 
subsequently proceeding to electroless plating, the 
aperture 68 can be formed easily 20 

Meanwhile, since nickel is higher in electric resist- 
ance, gold may be plated by electroless plating on the 
nickel coating layer for forming the gold coating layer 

In a method for producing an optical fiber according 
to a forty-eighth embodiment of the present invention, 25 
the processing similar to that of the first to fourth etching 
steps of the twenty-third embodiment is performed for 
forming the optical fiber 225 having a conically sharp- 
ened tip 14 from the outer periphery of the cladding 13 
towards the center of the core 12, as shown in Fig.SSE. 30 

Next, by activation and electroless plating similar to 
those in the forty-seventh embodiment, described 
above, the light-shielding coating layer may be formed 
on the surface of the tip 14 and the aperture may be 
easily formed on the foremost part of the light-shielding 3S 
coating layer. 

INDUSTRIAL APPLICABILITY 

As described above, the optical fiber of the present 40 
invention has a tip at one end of the optical fiber which 
is sharpened from the peripheral part of the cladding to 
the center of the core. The light-shielding coating layer 
Is formed on the surface of the tip, while the aperture is 
exposed from the light-shielding coating layer. In such 46 
optical fiber, the light-shielding coating layer on the sur- 
face of the tip operates as a light-shielding portion for 
interrupting the light radiated to other than the aperture. 
This enables the light entrance and light exiting only via 
the aperture for reducing the effect of scattered light for so 
improving the detection efficiency. 

By employing such optical fiber as an optical probe 
for scattering and detecting the evanescent tight in a 
photon scanning tunneling microscope designed for 
detecting the evanescent light, and by approaching the ss 
foremost part of the tip to the surface of the material for 
scattering the evanescent light on the surface of the 
material at the foremost part of the tip for conducting the 
scattered light to the core, the evanescent light can be 



detected with a high detection efficiency. 

In addition, the optical fiber of the present invention 
has a reduced-diameter portion, formed by reducing the 
thickness of the cladding, at one end of the optical fiber, 
and a tip is formed by sharpening the core at the fore- 
most part of the reduced-diameter portion. The fore- 
most part of the tip is exposed and recessed relative to 
the light-shielding coating layer to form a pit within which 
is disposed a functional substance the optical proper- 
ties of which are changed in response to the surround- 
ing environment, such as a phosphorescent substance 
or a reagent. In such optical fiber, the optical properties 
of the functional substance in the pit are changed in 
response to surrounding environment. Such changes in 
the optical properties may be detected at the opposite 
end of the optical fiber for performing the detection with 
Improved spatial resolution in measurement. 

In such optical fber, since the functional substance 
is affixed in the pit recessed from the foremost part of 
the light-shielding coating layer, the dye can be pro- 
tected from directly impinging on the article being meas- 
ured in case the foremost part of the optical fiber 
impinges on the article, thus improving durability of the 
optical fiber. 

Claims 

1. An optical fiber having a core for propagating the 
light and a cladding covering the core for interrupt- 
ing light propagated within the core, comprising: 

a tip formed by conically sharpening an end of 
the core protruded from the cladding at one 
end of the optical fiber; 

a light-shielding coating layer formed on the 
sur^ce of the tip; and 

an aperture formed by exposing the foremost 
part of the tip from the light-shielding coating 
layer to outside. 

2. The optical fiber as claimed in claim 1 wherein the 
foremost part of the cladding at the proximal end of 
the tip is sharpened in a tapering fashion. 

3. The optical fiber as claimed In claim 2 wherein the 
cone angle at the foremost part of the tip is smaller 
than the cone angle of the sharpened cladding. 

4. The optical fiber as claimed in claim 2 wherein the 
cone angle at the foremost part of the tip is larger 
than the cone angle of the sharpened cladding. 

5. The optical fiber as claimed in claim 1 wherein there 
is formed a reduced-diameter portion by reducing 
the thickness of the cladding at the proximal end of 
the tip. 

6. The optical fiber as claimed in claim 5 wherein the 
core is formed of quartz doped with erbium or neo- 
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dymium. 

7. Tm6 optical liber as c'airr;sd in dairrs 6 wherein the 
cladding is formed of quartz doped with fluorine. 

5 

8. Tne optical fiber as claimed in claim 5 wherein there 
is formed a detection end at the foremost part of the 
tip having a cone angle larger than said tip, with the 
foremost part of the detection end being exposed 
from said aperture. io 

9. The optical fiber as claimed in claim 8 wherein the 
diameter of the proximal end of said detection end 
is not less than the wavelength of the light entering 
and exiting said core. is 



are changed in response to the surrounding envi- 
ronment is charged in said pit in the state of being 
dispersed in an amorphous material. 

15. An optical fiber having a core for propagating the 
light and a cladding for shielding the core for inter- 
rupting light propagated within the core, compris- 
ing: 

a tip formed by sharpening the core and the 
cladding at an end of the optical fiber in a taper- 
ing fashion; and 

a protrusion formed by sharpening the core 
protruded from the cladding at the foremost 
part of the tip. 



10. An optical fiber having a core for propagating the 
light and a cladding for shielding the core for inter- 
rupting light propagated within the core, compris- 
ing: 20 



1 1 . The optical fiber as claimed in claim 1 wherein there 
is formed a light-shielding coating layer on the sur- 
face of said tip and wherein an aperture is formed at 35 
the foremost part of the tip which is exposed from 
the light-shieiding coating layer. 

12. An optical fiber having a core for propagating the 
light and a cladding for shielding the core for inter- 40 
rupting light propagated within the core, compris- 
ing: 

a tip formed by sharpening the core at an end 
of said optical fber; 4S 
a light-shielding coating layer formed on the 
surface of said tip; and 

a pit formed by exposing the foremost part of 
the tip from the light-shielding coating layer and 
by recessing the foremost part of the tip relative so 
to the light-shielding coating layer. 

13. The optical fiber as claimed in daim 12 wherein a 
functional substance the optical properties of which 
are changed in response to the surrounding envi- ss 
ronment is charged in said pit. 

14. The optical fiber as daimed in daim 12 wherein a 
functional substance the optical properties of which 



16. The optical fiber as claimed in claim 15 wherein 
there is formed a light-shielding coating layer on the 
surface of said protrusion and wherein there is 
formed an aperture by exposing the distal end of 
the protrusion from the foremost part of said coat- 
ing layer. 

17. An optical fiber having a core for propagating the 
light and a cladding for shielding the core for inter- 
rupting light propagated within the core, compris- 
ing: 

a protrusion formed by sharpening the core 
protruded from the cladding at an end of the 
optical fiber; 

a light-shielding coating layer formed on the 
sur^ce of said protrusion; and 
an aperture formed by exposing tiie distal end 
of said protrusion from the light-shielding coat- 
ing layer. 

18. An optical fiber having a core for propagating the 
light and a cladding for shielding the core for inter- 
rupting light propagated within the core, compris- 
ing: 

a core diameter increasing portion formed by 
gradually increasing the core diameter at an 
end of the optical fiber; 

a protrusion formed by sharpening the core at 
the foremost part of the core diameter increas- 
ing portion; 

a light-shielding coating layer formed on the 
surface of the protrusion; and 
an aperture formed by exposing the distal end 
of the protrusion from the light-shielding coat- 
ing layer. 

19. The optical fiber as claimed In daims 17 or 18 
wherein there is formed a reduced-diameter portion 
by reducing the thickness of the cladding at the 
proximal end of said protrusion. 



a tapered portion formed by sharpening the 
cladding at an end of said optical fiber in a 
tapering fashion; 

a reduced-diameter portion formed at the fore- 25 
most part of the tip by reducing the thickness of 
tiie cladding; and 

a tip formed at the foremost part of the 
reduced-diameter portion by sharpening the 
cladding from the periphery of the cladding to so 
the center of the core in a tapering fashion. 
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20. An optical fiber having a core for propagating the 
light and a cladding for shielding the core for inter- 
rupting light propagated within the core, compris- 
ing: 

a reduced-diameter portion formed by reducing 
the diameter of the cladding at an end of the 
optical fiber; 

a protrusion formed by sharpening the core at 
the foremost part of said reduced-diameter por- 
tion in a tapering fashion; 
a hydrophobic coating layer formed on the sur- 
face of said protrusion; 

an aperture formed by exposing the distal end 
of said protrusion from the hydrophobic coating 
layer; and 

an amorphous layer formed on the surface of 
said protrusion exposed from the aperture, 
said amorphous layer being doped with a dye. 

21. An optical fiber having a core for propagating the 
light and a cladding for shielding the core for inter- 
rupting light propagated within the core, compris- 
ing: 

a reduced-diameter portion formed by reducing 
the diameter of the cladding at an end of the 
optical fiber: 

a protrusion formed by sharpening the core at 
the foremost part of said reduced-diameter por- 
tion in a tapering fashion; 
a hydrophobic coating layer formed on the sur- 
face of said protrusion; a hydrophobic coating 
layer formed on the surface of said protrusion; 
an aperture formed by exposing the distal end 
of said protrusion from the hydrophobic coating 
layer; and 

an amorphous layer formed on the surface of 
said protrusion exposed from said aperture; 
said amorphous layer being doped with a dye. 

22. An optical fiber having a first core for propagating 
the tight, a second core covering said first core and 
a cladding covering said second core, comprising: 

an exposed portion formed by exposing the 
second core at one end of said optical fiber 
from said cladding; 

a tapered portion formed by tapering the sec- 
ond core at the foremost part of said exposed 
portion; and 

a protrusion formed by sharpening said first 
core protruded from the foremost part of said 
tapered portion. 

23. An optical fiber having a core for propagating the 
light, a first cladding covering said core and a sec- 
ond cladding covering said first cladding, compris- 
ing: 



an exposed portion formed by exposing said 
first cladding at one end of said optical fiber 
from said second cladding; 

a tapered portion formed tapering said first 
5 cladding at the foremost part of said exposed 

portion; and 

a protrusion formed by sharpening the core 
protruded from the foremost part of said 
tapered portion. 

10 

24. The optical fiber as claimed in claims 22 or 23 
wherein there is formed a light-shielding coating 
layer on the surface of said protrusion, and wherein 
there is formed an aperture by exposing the distal 

15 end of said protrusion from the light-shielding coat- 
ing layer. 

25. An optical fiber having a core for propagating the 
light and a cladding covering said core for interrupt- 

20 ing the light propagated within said core* compris- 
ing: 

a protrusion formed by sharpening the core 
protruded from the cladding at one end of the 
25 optical fiber; 

a coating layer formed on the surface of said 
protrusion and formed by a gel layer or an 
amorphous layer; and 

an aperture formed by exposing the distal end 
30 of said protrusion from said coating layer 

26. An optical fiber having a core for propagating the 
light and a cladding covering said core for interrupt- 
ing the light propagated within said core, compris- 

35 ing: 

a protrusion formed by sharpening the core 
protruded from the cladding at one end of the 
optical fiber; 

40 a coating layer formed on the surface of said 

protrusion and formed by an amorphous layer; 
a light-shielding coating layer formed on the 
surface of said amorphous coating layer; and 
an aperture formed by exposing the distal end 
45 of said protrusion from said amorphous coating 

layer and said light-shielding coating layer. 

27. The optical fiber as claimed in claims 25 or 26 
wherein there is formed a reduced-diameter portion 

so by reducing the thickness of the cladding at the dis- 
tal end of said protrusion. 

28. A method for producing an optical fiber comprising: 

55 a sharpening step of etching an end of an opti- 

cal fiber, made up of a core for propagating the 
light and a cladding covering said core for inter- 
rupting the light propagated within said core, 
for forming a tip conically sharpened from the 
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outer periphery of the cladding towards the 

center of the core; 

a coating step cf coating said tip with a light- 
shielding material for forming a light-shielding 
coating layer; and s 
an aperture forming step of exposing the fore- 
most part of said tip from the light-shielding 
coating layer for forming an aperture. 

29. The method for producing an optical fiber as io 
claimed in claim 28 wherein said core is formed of 
quartz doped with germanium dioxide to a high 
concentration; 

said cladding is formed of quartz; 75 
said sharpening step comprising a first etching 
step, a second etching step, a third etching 
step and a fourth etching step; 
said first etching step being a step of etching 
one end of said optical fiber on an irrterface 20 
between an etching solution composed of 
hydrofluoric acid or an aqueous solution of 
hydrofluoric acid, hydrofluoric acid and water 
and a fluid lighter In specific gravity than said 
etching solution for forming a tapered portion 25 
which is a tapered portion of said cladding; 
said second etching step being a step of etch- 
ing said tapered portion with hydrofluoric add 
for forming a recess which is the portion of said 
core receded from the foremost part of said 30 
cladding; 

said third etching step being a step of etching 
said tapered portion with an etching solution 
composed of an aqueous solution of hydrofluo- 
ric acid, hydrofluoric acid and water for forming 35 
a flat portion which is the end of said core and 
an end of said cladding made flush with each 
other; 

said fourth etching step being a step of etching 
said tapered portion with an etching solution 40 
composed of an aqueous solution of ammo- 
nium fluoride, hydrofluoric acid and water for 
forming a tip conically sharpened from the 
outer perphery of said cladding to the center of 
said core. 45 

30. The method for producing an optical fiber as 
claimed in claim 29 wherein, in said fourth etching 
step, etching is carried out using an etching solution 
composed of an aqueous solution of ammonium so 
fluoride having a concentration of 40 wt%. 
hydrofluoric acid having a concentration of 50 wt% 
and water, with a volume ratio of the aqueous solu- 
tion of ammonium fluoride, hydrofluoric acid and 
water being X : 1 :Y. where X > 1.7 and Y is arbi- ss 
trary. 



31. The method for producing an optical fiber as 
claimed in any one of claims 28 to 30 wherein the 



optical fiber is rotated about its center axis and 
wherein vapor of a light-shielding material is sup- 
plied from the lateral side of the tip or an obliquely 
lower position for forming a light-shielding coating 
layer on the foremost par of said tip. 

32. The method for producing an optical ftoer as 
claimed in any one of claims 28 to 31 wherein the 
light-shielding coating layer is etched in said aper- 
ture forming step for forming an aperture. 

33. The method for producing an optical fiber as 
claimed In claim 32 wherein said light-shielding 
coating layer is a gold coating layer and wherein 
said gold coating layer is etched in said aperture 
forming step with a KI-I2 aqueous solution for form- 
ing an aperture. 

34. The method for producing an optical fiber as 
claimed in claim 32 wherein said light-shielding 
coating layer is an aluminum coating layer and 
wherein said aluminum coating layer is etched In 
said aperture forming step with a NaOH or KOH 
aqueous solution for forming an aperture. 

35. The method for producing an optical fiber as 
claimed in claim 28 wherein said coating step 
includes a first coating step of coating the surface of 
said tip with a light-shielding material for forming a 
light-shielding coating layer and a second coating 
step of coating the surface of other than the fore- 
most part of the light-shielding coating layer with a 
corrosion-resistant material for forming a con'osion- 
resistant coating layer, and wherein, in said aper- 
ture forming step, the light-shielding coating layer of 
said tip etched for forming an aperture by exposing 
the foremost part of said tip from the light-shielding 
coating layer. 

36- The method for producing an optical fiber as 
claimed in claim 35 wherein, in said first coating 
step, said tip is coated with chromium and subse- 
quently witti aluminum for forming the light-shield- 
ing coating layer. 

37. The method for forming an optical fiber as claimed 
in claims 35 or 36 wherein the optical fiber is rotated 
about its center axis and wherein the vapor of a 
light-shielding material is supplied from the lateral 
side of the tip or from an obliquely lower position for 
forming a light-shielding coating layer on other than 
the foremost part of said tip. 

38. The metiiod for producing an optical fiber as 
claimed in claim 37 wherein, in said second coating 
step, gold is coated on the surface of other than the 
foremost part of said tip for forming a con'osion- 
resistant coating layer and wherein, in said aperture 
forming step, said tip is etched with a KI-I2 aqueous 
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solution for forming an aperture. 

39. The methcxj for producing an optica! fiber as 
claimed in claim 28 wherein said sharpening step 
includes a tapering step of etching one end of said 
optical fiber on an interlace between an etching 
solution connposed of hydrofluoric acid or an aque- 
ous solution of ammonium fluoride, hydrofluoric 
acid and water and a fluid lighter in specific gravity 
than said etching solution for forming a tapered por- 
tion which is a tapered portion of said cladding; and 
a sharpening etching step of etching said tapered 
portion with an etching solution composed of an 
aqueous solution of hydrofluoric acid and water for 
forming a tip conically sharpened from the outer 
periphery of said cladding to the center of said core. 

40. A method for producing an optical fiber comprising: 

a first etching step of etching an end of an opti- 
cal fiber having a core for propagating the light 
and a cladding covering said core for Interrupt- 
ing the light propagated within said core for 
reducing the thickness of the cladding for pro- 
ducing a reduced-diameter portion; 
a second etching step of etching the distal end 
of said protrusion for sharpening said core for 
forming a protrusion; 

a first coating step of forming a light-shielding 
coating layer on the surface of said protrusion; 
a second coating step of forming a con'osion- 
resistant coating layer on the surface of a por- 
tion other than the foremost part of said light- 
shielding coating layer; and 
an aperture forming step of etching the light- 
shielding coating layer exposed from said cor- 
rosion-resistant coating layer for forming an 
aperture. 

41. The method for producing an optical ftoer as 
claimed in claim 40 wherein, in said first coating 
step, gold is coated for forming said light-shielding 
coating layer; wherein, in said second coating step, 
said protrusion is dipped in a solvent in which a syn- 
thetic resin has been dissolved and is subsequently 
withdrawn therefrom for forming said corrosion- 
resistant coating layer on the surface of other than 
the foremost part of said light-shielding coating 
layer; and wherein, in said aperture forming step, 
the gold of said light-shielding coating layer is 
etched for forming an aperture. 

42. The method for produdng an optical fiber as 
claimed in claims 40 or 41 wherein said protrusion 
is etched using an etching solution different in the 
ratio of the etching rate for the core and that for the 
cladding from the etching solution used in said sec- 
ond etching step for forming a detection end at the 
distal end of said protrusion which is larger in cone 



angle than said protrusion and for subsequently 
forming a light-shielding coating layer by said first 
coating step. 

5 . 43. The method for producing an optical fiber as 
claimed in claims 40 or 41 wherein the protrusion 
formed by said second etching step is etched using 
an etching solution having an etching rate for the 
core substantially equal to that for the cladding for 

10 reducing the cone angle and the length of said pro- 
- trusion. 

44. A method for producing an optical fiber comprising: 

75 a sharpening step of etching an end of an opti- 

cal fiber having a core for propagating the light 
and a cladding covering said core for interrupt- 
ing the light propagated within said core for 
sharpening the foremost part of said core for 

20 producing a protrusion; 

a coating step of forming a light-shielding coat- 
ing layer on the surface of said protrusion; 
a photosensitive layer forming step of forming a 
photosensitive layer on the surface of said iight- 

25 shielding coating layer; 

a light-exposure step of selectively exposing 
only the foremost part of said photosensitive 
layer by evanescent light; an exposed portion 
forming step of removing the photosensitive 

30 layer exposed to light for exposing the foremost 

part of said light-shielding coating layer from 
said photosensitive layer for forming a portion 
exposed to light; and an aperture forming step 
of etching the light-shielding coating layer 

35 exposed from the exposed portion for exposing 

the distal end of said protrusion from the light- 
shielding coating layer. 

45. The method for producing an optical fiber as 
40 claimed in claim 44 wherein, in said photosensitive 

layer fbrming step, a drop of a liquid photosensitive 
material forming the photosensitive layer is caused 
to depend for being contacted with said protrusion 
from below and said protrusion is spaced apart 
45 therefrom for forming the photosensitive layer on 
the distal end of said protrusion. 

46. A method for producing an optical fiber comprising: 

so a sharpening step of etching an end of an opti- 

cal fiber having a core for propagating the light 
and a cladding covering said core for interrupt- 
ing the light propagated within said core for 
sharpening the foremost part of said core for 

55 producing a protrusion: 

a coating step of forming a light-shielding coat- 
ing layer on the surface of said protrusion; 
a photosensitive layer forming step of forming a 
photosensitive layer on the surface of said light- 
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shielding coating layer; 

a light-exposure step of selectively exposing 
only the fcrerrtcst part of said photosensitive 
layer by evanescent light; an exposed portion 
forming step of removing the photosensitive s 
layer exposed to light for exposing the foremost 
part of said light-shielding coating layer from 
said photosensitive layer for forming a portion 
exposed to light; 

an aperture forming step of etching the light- io 
shielding coating layer exposed from the 
exposed portion for exposing the distal end of 
said protrusion from the light-shielding coating 
layer; and 

a pit forming step of etching the foremost part is 
of said tip exposed from said aperture for form- 
ing a pit which is the foremost part of said tip 
recessed from the light-shielding coating layer. 

47. The method for producing an optical fber as 20 
claimed in claim 46 further comprising a charging 
step of charging a functional substance the optical 
properties of which are changed in response to the 
surrounding environment in said pit formed in said 
pit forming step. 25 

AS, The method for producing an optical fiber as 
claimed in claim 46 wherein, in said charging step, 
said functional substance is mixed into a solvent 
formed by dissolving an amorphous material to sat- 3o 
uration and wherein said pit is dipped in said sol- 
vent for precipitating the amorphous material 
having the functional coating layer diffused therein 
on said pit. 

35 

49. A method for producing an optical fiber comprising: 

a sharpening step of stretching an end of an 
optical fiber under heating, said optical fber 
having a core for propagating the light and a 40 
cladding for interrupting the light propagated 
within the core, for sharpening both the core 
and the cladding for forming a tip; and 
an etching step of etching said tip for sharpen- 
ing the core protruded firom said cladding for 45 
forming the protrusion. 

50. The method for producing an optical fiber as 
claimed in claim 49 comprising a coating step of 
forming a light-shielding coating layer on the sur- so 
face of said protrusion, and an aperture forming 
step of etching the light-shielding coating layer for 
exposing the distal end of said protrusion from the 
light-shielding coating layer for forming an aperture 

55 

51. A method for producing an optical fiber comprising: 

a first etching step of etching an end of a multi 
mode optical fiber having a core for propagat- 



ing the light and a cladding covering said core 
for interrupting the light propagated within said 
core for sharpening the foremost part of said 
core for producing a protrusion; 

a coating step of forming a light-shielding coat- 
ing layer on the surface of said protrusion; and 
an aperture forming step of exposing the distal 
end of said protrusion for forming an aperture 
at the foremost part of said light-shielding coat- 
ing layer. 

52. A method for producing an optical fiber comprising: 

a core diameter increasing step of forming a 
core diameter increasing portion having the 
gradually increased core diameter at an end of 
an optical fiber having a core for propagating 
the light and a cladding covering said core for 
interrupting the light propagated within said 
core; 

a sharpening step of etching an end of the opti- 
cal fiber provided with the core diameter 
increased portion for sharpening the foremost 
part of said core diameter increased portion for 
forming a protrusion; 

a coating step of forming a light-shielding coat- 
ing layer on the surface of said protrusion; and 
an aperture forming step of exposing the distal 
end of said protrusion at the foremost part of 
said light-shielding coating layer for forming an 
aperture. 

53. The method for producing an optical fiber as 
claimed in claim 52 wherein said core diameter 
increased portion Is formed by heating an end of 
said optical fiber in said core diameter Increasing 
step for diffusing a dopant in said core into said 
cladding. 

54. A method for producing an optical fiber comprising: 

a sharpening step of etching an end of an opti- 
cal fiber having a core for propagating the light 
and a cladding covering said core for interrupt- 
ing the light propagated within said core for 
sharpening the foremost part of said core for 
producing a protrusion; 

a coating step of forming a hydrophilic coating 
layer on the surface of said protrusion other 
than the distal end thereof; and an amorphous 
layer forming step of forming an amorphous 
layer doped with a dye on the surface of the 
distal end of said protrusion exposed from said 
coating layer. 

55. The method for producing an optica! fiber as 
claimed in claim 54 wherein, in said coating step, 
the light-shielding coating layer is first formed on 
the surfece of said protrusion and the hydrophobic 
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coating layer is subsequently formed. 

56. A method for producing an optical fiber confiprising: 

etching one end of an optical fiber having a first 5 
core for propagating the light, a second core 
covering said first core and a cladding covering 
said second core for exposing the second core 
at an end of the optical fiber from the cladding 
for forming an exposed portion; io 
forming a tapered portion of said second core 
at the distal end of said exposed portion; and 
sharpening the first core protruded from the 
foremost part of said tapered portion for form- 
ing a protrusion. is 

57. A method for producing an optical fiber comprising: 

etching one end of an optical fiber having a 
core for propagating the light, a first cladding 20 
covering said core and a second cladding cov- 
ering said first cladding for exposing the first 
cladding at an end of the optical fiber from the 
second cladding for forming an exposed por- 
tion; 25 
forming a tapered portion of said first cladding 
at the distal end of said exposed portion: and 
sharpening the core protruded from the fore- 
most part of said tapered portion for forming a 
protrusion. 30 

58. The method for producing an optical fiber as 
claimed in claim 57 wherein said core is formed of 
quartz doped with germanium dioxide to a high 
concentration; said first cladding is formed of 35 
quartz; said second cladding Is formed of quartz 
doped with fluorine or boron; and wherein the opti- 
cal fiber is etched using an etching solution com- 
posed of an aqueous solution of ammonium 
fluoride, hydrofluoric acid and water, with a volume 40 
ratio of 1 .7 : 1 : Y. where Y is arlDltrary, for exposing 

the first cladding from the second cladding for form- 
ing an exposed portion and for sharpening the first 
cladding, forming aflat portion which the end of the 
sharpened first cladding and an end of the core are 45 
flush with each other, the optical fiber provided with 
the flat portion being then etched using an etching 
solution having a volume ratio of the aqueous solu- 
tion of ammonium fluoride, hydrofluoric acid and 
water being X : 1 : Y, where X > 1 .7, for forming said so 
tapered portion and said flat portion. 

59. The method for producing an optical fiber as 
claimed in claims 56, 57 or 58 comprising a coating 
step of forming a light-shielding coating layer on the 55 
surface of said protrusion and an aperture forming 
step of exposing the distal end of the protrusion at 
the foremost part of said light-shielding coating 
layer for forming an aperture. 



60. A method for producing an optical fiber comprising: 

a sharpening step of etching an end of an opti- 
cal fiber, made up of a core for propagating the 
light and a cladding covering said core for inter- 
rupting the light propagated within said core, 
for sharpening the fbrenibst part of said core 
for forming a protrusion: 
a coating layer forming step of forming a coat- 
ing layer composed of a gel layer on the sur- 
face of said protrusion; and an aperture 
forming step of exposing the distal end of said 
protrusion from the coating layer for forming an 
aperture. 

61. The method for producing an optical fiber as 
claimed in claim 60 wherein the gel layer formed In 
said coating layer forming step is heated for forming 
an amorphous layer for forming a coating layer. 

62. A method for producing an optical fiber comprising: 

a sharpening step of etching an end of an opti- 
cal fiber, made up of a core for propagating the 
light and a cladding covering said core tor inter- 
rupting the light propagated within said core, 
for sharpening the foremost part of the core for 
forming a protrusion; 

an amorphous layer forming step of forming an 
amorphous coating layer on the surface of said 
protrusion; 

a coating step of forming a light-shielding coat- 
ing layer on the surface of said amorphous 
coating layer; and 

an aperture forming st^ of exposing the distal 
end of said protrusion from the amorphous 
coating layer and the light-shielding coating 
layer for forming an aperture. 

63. The method tor producing an optical fiber as 
claimed in claim 62 wherein, In said amorphous 
layer forming step, the protrusion is dipped in a sol- 
vent In which the amorphous is dissolved to satura- 
tion for depositing the amorphous on the surface of 
said protrusion for forming the coating layer. 

64. A method tor producing an optical fiber comprising: 

a sharpening step of etching an end of an opti- 
cal fiber, made up of a core tor propagating the 
light and a cladding covering said core for inter- 
rupting the light propagated within said core, 
for sharpening the toremost part of the core for 
forming a protrusion; 

an activation step of activating the surface of 
the tip; and a coating step of forming a light- 
shielding coating layer on the surface of the tip 
by electroiess plating and exposing the fore- 
most part of said tip from the light-shielding 
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